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A = Angstrom unit, 1 xlO cm. 
A = empirical parameter in the BWR equation, 
a = empirical parameter in the BWR equation and 
also used as Kihara core radius. 
a^ = empirical parameter in the method of Snider 
and Herrington; see Equation (VI-22). 
ai2 " empirical parameter in the method of Snider 
and Herrington; see Equation (VI-23). 
B » second virial coefficient. 
B = experimental second virial coefficient. 
B,„ = interaction second virial coefficient. 1 2 
* 
B„T " reduced classical second virial coefficient 
CL 
I' II 
from classical Lennard-Jones (6-12) intermole-
JL JU 
cular potential function (also written as B (T )). 
B » second virial coefficient calculated from 
classical Kihara (6-12) intermolecular potential 
function. 
B =» empirical parameter in the BWR equation. 
B* «= reduced translational quantum second virial o 
coefficient for an ideal gas. 
B¥J^ = see Equation (C-8) . 
BB » see Equation (C-5). 
K. 
BWR = Benedict-Webb-Rubin equation of state. 
B , B = first and second reduced translational quantum 
corrections for the second virial coefficient 
from the Lennard-Jones (6-12) potential function. 
b " empirical parameter in the BWR equation. 
b * volumetric parameter in the Lennard-Jones (6-12) 
intermolecular potential function. Equation (IV-24). 
xlv 
NOMENCLATURE (Continued) 
(J) b « coefficients for series representation of 
B* (T*), Equation (IV-26). 
L> LI 
b = coefficients for series representation of 
® F , Equation (IV-31). 
s 
C » third virial coefficient. 
•k 
'CL 
C„, = reduced classical third virial coefficient from 
Lennard-Jones (6-12) intermolecular potential 
function (also written as C (T )). 
CL 
C = empirical parameter in BWR equation, o 
Ac = non-additivity correction to the third virial 
coefficient. Equation (IV-52), 
add 
« classical contribution to the third virial 
coefficient,Equation (IV-51). 
c = empirical parameter in BWR equation. 
I "i I JL JL 
c = coefficient for series representation of C (T ) , 
Equation (IV-59). ^ 
d = parameter in correlation of Chueh and Prausnitz; 
see Equation (IV-62). 
e = energy parameter in Lennard-Jones (6-12) inter-
molecular potential function. 
exp = raise 2.71828 to the power of the number in 
parentheses• 
e/k «= energy parameter in Lennard-Jones (6-12) inter-
molecular potential function. 
F ,F ,F =» reduced functions for second virial coefficient 
^ ^ ^ from Kihara core model (6-12); Equation (IV-30). 
f = fugacity and also used in Equation (IV-53). 
it 
G « see Equation (C-15). 
o 
g 
= Gibbs* molar free energy of an ideal gas at 1 
atmosphere pressure, 
= Henry's law constant. 
XV 
NOMENCLATURE (Continued) 
H « heat of vaporization, 
V ^ 
— 2 7 
h = Planck's constant « 6.6256 x 10 erg-sec; 
also used as peak height on chromatogram. 
I " ionization potential, 
i « summation index integer, 
j t= summation index integer. 
KIH = Kihara core model (6-12), 
KIHCK12 « Kihara core model (6-12) with correction applied 
to the geometric mixing rule using K12 calculated 
from Equation (V-5), 
KIHEK12 = Kihara core model (6-12) with correction applied 
to the geometric mixing rule using experimental 
^ 1 2 * 
K = Henry's law constant using consistency method, 
Ki2 = constant representing the deviation from the 
Kihara potential geometric mean of the charac-
teristic energy parameters of components i and j; 
see Equation (V-4), 
k = Boltzmann constant = 1,38054 x 10"^^ erg/k 
mole cule• 
LJCL = Lennard-Jones classical model, 
Jin « natural (base e) logarithm, 
log = common (base 10) logarithm. 
M " molecular weight. 
M = core parameter in Kihara (6-12) core model, 
o ^ 
m = mass of molecule, M/N.. 
A 
N » a dummy quantity used to represent various equa-
tion of state parameters in writing mixture rules, 




n = number of gm moles and also used in the gene-
ralized correlation given by Chueh and Prausnitz; 
see Equation (IV-10). 
n. = number of moles of component i. 
P « total absolute pressure. 
P = vapor pressure of condensible component, 
R = gas law constant » 82,0560 atm-cc/gm mole K or 
0,0820537 atm-liter/gm mole K. 
R. «= residue, 
1 
r = intermolecular distance between centers of mole-
cules and also used as hard sphere diameter, 
SQ = core parameter in Kihara (6-12) core model, 
s • summation index integer; also an attenuation 
factor on chromatograph (see Appendix D ) , 
o 
T = temperature, K (formerly K ) , 
T* = kT/e, 
o 
T = classical critical temperature at high tempera-
c 
c 
ture for quantum gases. 
T = critical temperature, 
T = reduced temperature, T/T , of component i, 
o 
t = temperature, C, 
U = intermolecular potential energy, 
U = minimum energy of the Kihara potential function, 
U^/k = energy parameter in Kihara (6-12) model. 
V =» total volume of gas, 
V = classical critical volume at high temperature for 
the quantum gases. 
V = critical molar volume. 
xvii 
NOMENCLATURE (Continued) 
V^ = molar volume of gas mixture. 
VQ = core parameter in Kihara core model. 
VQJ = molar volume of component 1 gas at its vapor 
pressure. 
Vj = molar volume of component 1 gas. 
V2 = molar volume of component 2 gas. 
V. partial molar volume of component i. 
v^ = molar volume of the compressed liquid phase. 
V = saturated liquid molar volume of the condensible 
01 ^ 
component. 
X = mole fraction in the condensed phase. 
y, = mole fraction of component i in the gas phase, 
y. ~ ideal mole fraction in the gas phase, P /P. 
W = see Equation (VI-25). 
Z = compressibility factor, PV/nRT; also U /kT in 
" O 
Kihara core model. 
GREEK LETTERS 
a = parameter in BWR equation. 
3 = isothermal compressibility for the pure component 
g 
3 = isothermal compressibility for the pure component 
at saturation, 
r = gamma function. 
Y = empirical parameter in BWR equation 
Y* = activity coefficient of component 1 in liquid so-s 
^ lutions referred to the pure liquid component at the 
system temperature and pressure. 
A = translational quantum mechanical parameter. 




VI = chemical potential of Ideal gas at 1 atmosphere. 
* 
\i = chemical potential of pure component. 
7T « pi = 3.14159265. 
p = distance between molecular cores in the Kihara 
model, 
p = number density of fluid molecules, N./v^. 
pQ = shortest distance between molecular cores at 
minimum potential energy. 
E, = see Equation (VI-20) . > 
O = length parameter in LJCL (6-12) Intermolecular 
potential. 
w « Pitzer*s acentric factor, Equation (IV~12) . 
0 = enhancement factor. 
X = see Equation (VI-19). 
SUBSCRIPTS 
1 = condensible component. 
01 = gas at its normal vapor pressure (i.e. saturated 
vapor). 
2 « helium. 
c = condensible component. 
m « gas mixture. 
i,j,k = 1, 2, or m. 
V = volatile component. 
SUPERSCRIPTS 
G = gas. 
L = liquid 
XIX 
NOMENCLATURE (CONCLUDED) 
= used to distinguish BWR parameters from virial 
equation parameters; Equation (IV-71). 
= refers to infinite dilution. 
XX 
SUMMARY 
The object of this work is to determine the experi-
mental gas-liquid phase equilibria in pressurized, binary 
systems at low temperatures and compare these values with 
theoretically predicted data. The systems studied are the 
helium-carbon tetrafluoride and helium-chlorotrifluoromethane 
in which the condensed component is below its critical tem-
perature and the gaseous component (helium) is well above 
its critical temperature. 
For the determination of the gas and liquid phase 
compositions, a single-pass, continuous flow type, equili-
6 8 
brium apparatus previously described by Kirk and Kirk and 
69 
Ziegler was used together with two gas chromatographs. 
90 91 
Later, this same apparatus was also used by Mullins, * * 
77 37 
Liu, and Garber for their phase equilibrium studies in 
binary systems. 
The gas and liquid phase equilibrium compositions in 
the helium-carbon tetrafluoride system were measured at six 
temperatures, 106,01, 117,33, 132,18, 147,10, 162,03 and 
173,02 K and pressures from 20 to 120 atmospheres with an 
interval of 20 atmospheres. In the helium-chlorotrifluoro-
methane system, seven isotherms of 145,21, 163.01, 180,02, 
196.01, 211.06, 221.27, and 231.08 K were studied in the 
gas-liquid region. The gas and liquid phase compositions 
xxl 
were determined at six pressure points, 20, 40, 60, 80, 100, 
and 120 atmospheres along each isotherm. The gas phase ana-
lysis in the helium-carbon tetrafluoride system is estimated 
to be accurate to ±2 mole percent of carbon tetrafluoride 
and in the helium-chlorotrifluoromethane system to ±3.5 mole 
percent of chlorotrifluoromethane. The uncertainty of liquid 
phase measurements in these two systems is estimated to be 
±2 mole percent of helium. These uncertainties were deter-
mined by considering the uncertainties of the temperature 
measurement (±0.03 K ) , the pressure gauge (0.5 percent), and 
the chromatograph calibration curve. 
Since no experimental phase equilibrium data for these 
systems were available in the literature, no comparison could 
be made for the experimental phase equilibrium data obtained 
in this work. The gas phase equilibria for these systems 
were described in terms of the enhancement factor, 0 = PYi/ 
P . An exact thermodynamic expression for the enhancement o 1 
factor was derived. For the evaluation of this expression, 
an assumption of ideal solution for liquid phase was made and 
the virial equation of state truncated after the third virial 
coefficient and Benedict-Webb-Rubin equation of state were 
used to describe the gas phase P-V-T properties for the 
helium-carbon tetrafluoride system. For the helium-chlorotri-
fluoromethane system, evaluation was restricted to the virial 
equation of state. 
The pure and interaction second virial coefficients 
xxli 
of the virial equation of state were calculated utilizing 
the Lennard-Jones potential (classical), Klhara core poten-
tial, and Klhara core potential with the correction factor, 
K , for the geometric mixing rule. The Lennard-Jones 
18 
potential (classical) and the method of Chueh and Prausnitz 
were used for the prediction of the third virial coefficients 
Both the Lorentz and linear averages were considered in this 
work for the evaluation of (B ),_ in the Benedict-Webb-Rubln 
o ^ ̂  
equation of state. 
The various theoretical models based on what has been 
described above were tested for the prediction of the en-
hancement factors. The predicted enhancement factors were 
compared with those experimentally determined for the helium 
binary systems of this work. The KIHEK12 model which uti-
lizes the Klhara core potential with the experimentally 
18 
determined K and the method of Chueh and Prausnitz for 
1 2 
the calculation of second and third virial coefficients, 
respectively, predicted the best enhancement factors. The 
Lennard-Jones classical model also predicted the enhancement 
factors which are in quite satisfactory agreement with the 
experimental values except at the highest temperatures. Con-
trary to expectation, »-*' »^ the Benedict-Webb-Rubln equa-
tion of state, with (B ) based on the Lorentz average, 
o 12 
generally gave better results than that based on the linear 
average. 
From the phase equilibrium data obtained here, also 
xxiii 
1 2 
extracted are the interaction second virial coefficients. 
The same theoretical models as used for the prediction of 
enhancement factors were also used for the prediction of B 
values. These predicted B values were compared with those 
12 ^ 
experimentally determined. It was found that the discre-
pancy between the theoretically predicted and experimentally 
determined B values was principally responsible for the 
incorrect enhancement factors predicted from the various 
theoretical models. These theoretical models all failed to 
predict the satisfactory B,^ values for the helium-carbon 
tetrafluoride system in the temperature range of 303 K to 
773 K, where experimental B, values were determined by 
' ' 1 2 -̂  
59 Kalfoglou and Miller. 
Since the B, values predicted from the Kihara core 
12 "̂  
potential differs greatly from the experimental B values 
for the systems of this work, the Kihara core potential was 
used in conjunction with K to predict B values. This 
K, factor is used to correct the geometric mixing rule for 
1 2 t-, c 
the energy parameter and has been employed by recent investi-
ators. 
18,19,33,50,51,77,90 
The K, value was determined 
1 2 
sirautaneously with the B values from the phase equilibriu m 
data obtained in this work. The value of K,„ thus determined 
1 2 
(0.06 for the helium-carbon tetrafluoride system and 0,25 
for the helium-chlorotrifluoromethane system) was compared 
with that calculated using the correlation given by Hiza and 
Duncan (0.28 and 0.37 for the helium-carbon tetrafluoride 
XX IV 
and helium-chlorotrifluoromethane system, respectively). 
3 7 50 12 6 
Unlike other helium binary systems, * * these two 
values differ considerably from each other, which resulted 
in large discrepancy between the B^^ values predicted from 
the KIHEK12 model and KIHCK12 model which uses the calculated 
Kj2 value from the correlation of Hiza and Duncan instead 
of experimental K^^ value and also the predicted enhancement 
factors from these two models. 
To determine the Henry's law constant, H , and the 
partial molar volume at infinite dilution, Vg, for helium 
from the experimental phase equilibrium data, the Krichevsky-
73 
Kasarnovsky equation was used. This equation is based on 
the assumptions that the liquid solution is ideal and the 
CO 
change of V2 with pressure is negligible and enables one to 
00 — C O 
evaluate the H2 and Vg values using the liquid composition 
and the fugacity of the gas phase. In this work, the fuga-
city of helium in the gas phase was evaluated using the 
virial equation of state, 
00 —<x> 
For the theoretical prediction of H2 and V2 values, 
125 
the method of Snider and Herrington based on the hard 
00 "—00 
sphere model of fluids has been used. The H2 and V2 values 
predicted using this method were compared with the experimen-
tal values and the agreement was found to be at most within 
55 percent of the experimental values. Although in the 
125, 
application of this method Snider and Herrington and 
127 
Staveley did not comment on the temperature dependency 
XXV 
of the parameter, ^,2» which is a measure of background 
potential, a slight temperature dependency of this para-
meter has been found in this work. 
CHAPTER I 
INTRODUCTION 
Knowledge of phase equilibria is fundamental to the 
understanding of separation processes and other chemical 
engineering operations. During the past ten years, exten-
sive experimental measurements have been made of two phase 
equilibrium in binary systems. Comparison of these measure-
ments with the results of theoretical calculations has been 
made possible with the availability of electronic degital 
computers which made practical the solution of the complica-
ted thermodynamic relations involved in these theoretical 
calculations• 
The purpose of this research has been to obtain the 
experimental phase equilibrium data and test various theore-
tical models for the prediction of gas-liquid phase equilibria 
of pressurized binary systems in which one component, 1, is 
below its critical temperature and the other component (he-
lium), 2, is well above its critical temperature. Low 
concentrations of the gas in the condensed phase and activity 
coefficients near unity are the characteristics of such 
sys terns. 
The single-pass flow type phase equilibrium apparatus 
CO Q r\ 
which has been used in this laboratory by Kirk, Mullins, 
77 37 
Liu, and Garber was designed and built by Kirk, This 
apparatus is suitable for measurements of gas-liquid or gas-
solid phase equilibria from liquid nitrogen temperature to 
room temperatures and at pressures up to 140 atmospheres, A 
schematic description of this apparatus is presented in the 
following chapter and detailed descriptions are given by 
68 69 
Kirk and Kirk and Ziegler, Several other types of phase 
equilibrium apparatus such as the static type and the gas-
recirculation type have been used by other investigators. 
The binary systems which have been studied in this 
fi ft 
laboratory are the hydrogen-methane system by Kirk, the 
90 
hydrogen-argon and helium-argon systems by Mullins, the 
helium-carbon dioxide system by Liu, and the helium-ethylene 
37 
and helium-propylene systems by Garber, Many other binary 
systems have been also studied by other investigators and a 
50 
recent paper by Hiza gives a good summary of these systems. 
The enhancement factor, 0 *= Py /P , where P is the 
• -̂  1 01 • 
total pressure of the system, y is the mole fraction of 
component 1, the condensed component, and P is the vapor 
pressure of component 1 at the system temperature has long 
been used by many investigators in describing the non-
ideality of the gas phase in equilibrium with liquid or solid 
phase, (This enhancement factor can also be viewed as the 
ratio of the actual mole fraction y^ to the ideal mole frac-
tion y? = P /P in the gas phase,) Since an exact thermody-
•' 1 O 1 o r ' 
namic expression for the enhancement factor is derivable, the 
ability of the theoretical models for the prediction of gas 
phase equilibria can be readily tested simply by calculating 
the enhancement factors using those theoretical models with 
an assumption of ideal solution for the condensed phase and 
comparing these calculated enhancement factors with experi-
mental values. 
For a system at equilibrium between phases, thermody-
namics requires that the chemical potential of each component 
in each phase must be equal. On the basis of this criterion, 
29 68 69 
Dokoupil, et al,, Kirk, Kirk and Ziegler, Kirk, et al,, 
70 90 77 37 123 
Mullins, Liu, Garber, Smith, et al., Mackendrick, 
80 99 98 
et al., Prausnitz, et al., Prausnitz and Chueh, Chiu 
17 46 51 
and Canfield, Heck, Hisa and Duncan have derived an 
expression for the enhancement factor. The theoretical eva-
luation of the enhancement factor requires an equation of 
state for the pure components as well as for the mixture in 
the gas phase. 
The equations of state to describe the gas phase have 
37,68,77,90 
been the virial equation of state, Benedict-Webb-
o ^. . r 46,68,69,80,90,124 „ . „ .^ 
Rubin equation of state. Beattie-Bridgeman 
equation of state, * * Redlich-Kwong equation of state, * 
and Martin-Hou equation of state, * Of these equations 
of state, all except the virial equation of state which has 
been most widely used are empirical equations of state. 
Early in the twentieth century, the virial equation was pro-
poased as an empirical form for representing P-V-T data of a 
gas. Later, it was shown that the vlrial equation for pure 
25 49 gases can be derived from the statistical mechanics, * 
which establishes exact relations between the virial coeffi-
cients and the intermolecular potential describing the forces 
between molecules. Thus, the second and third virial coeffi-
cients can be adequately described by the two and three body 
interactions of the intermolecular potential, respectively. 
The application of this virial equation to the gas mixture 
84 was also accomplished by Mayer who presented the expressions 
for mixture virial coefficients in terms of mole fractions 
and pure and interaction virial coefficients. Even with this 
theoretical background, the virial equation of state has some 
limitations in its applications. The major disadvantage of 
this equation is that it is useful only for modest densities 
up to 3/4 of the critical density when virial coefficients 
after the third are neglected. Although the virial equation 
of state has a firm theretical basis in statistical mechanics, 
the interaction second virial coefficients predicted by the 
Kihara potential using the geometric mixing rule are in large 
disagreement with experimental values for the ehlium binary 
systems, necessiating a modification of the usual geometric 
mixing rule. The Beattie-Bridgeman equation of state is only 
able to represent the volumetric properties of fluids up to 
113 the critical. Thus, Benedict-Webb-Rubin equation of state 
has been developed in an effort to overcome this limiation of 
the Beattie-Bridgeman equation. The Benedict-Webb-Rubin equa-
tion of state represents satisfactorily the volumetric pro-
perties of nonpolar gases and liquids to densities up to 
about 1,8 times the critical and was originally applied to 
pure hydrocarbons and their mixtures. The Martin-Hou equa-
tion of state is an empirical extention of van der Waals* 
equation and has 21 adjustable parameters in a recent ver-
81 
sion. Containing so many adjustable parameters, this 
equation is generally superior to other empirical equations 
in describing the P-V-T data but is limited in its use for 
the prediction of mixture properties becuase of large number 
of empirical constants. 
In recent years, extensive attempts have been made to 
solve the problem of the solubility of gases in liquids in 
a high pressure system. As a result, some useful theoretical 
expressions and empirical correlations have been developed 
for the prediction of gas solubilities in liquids, Pierotti 
94,95,96 has presented a method which can predict Henry's law 
constants and partial molar volumes at infinite dilution, 
using the scaled particle theory of Reiss, Miller and 
Q o 1 r\ 1 
Prausnitz, Preston and Prausnitz, and Snider and 
125 
Herrington have also presented correlations for Henry's 
Q Q 
law constants. The method given by Miller and Prausnitz 
102 
is based on the semi-empirical free volume theory, while 
the generalized correlation given by Preston and Prausnitz 
is based on the statistical mechanics of dilute liquid solu-
112 tions in conjunction with Scott's two-fluid theory and a 
reduced empirical equation of state. The method of Snider 
125 
and Herrington based on hard-sphere model of fluid appears 
to require the least experimental data for the prediction of 
Henry's law constants and partial molar volumes at infinite 
dilution and its predicted values are in satisfactory agree-
ment with experimental values. 
In the selection of systems to study, several consi-
deration were made for theoretical as well as practical 
aspects. The choice of binary system was largely influenced 
by the fact that there is some evidence that phase equilibrium 
data of multicomponent systems may be calculable from those 
20 
of binary systems and that one must necessarily be able to 
describe the simple binary systems before predicting the 
phase equilibria for more complicated ternary and multicompo-
nent systems. 
The binary systems with helium as a major gas phase 
component have been investigated not only Mulllns, Liu, 
37 
and Garber in this laboratory, but also by numerous investi-
gators such as Rodewald, et al,. Herring and Barrick, 
119 47 58 
Sinor and Kurata, Heck and Hiza, lomtev, et al,, Hiza 
51 , , 4,14,27,28,34,38,54,62,63,80,85,91, 
and Duncan, and others, 
122 
Therefore, the behavior of helium in its binary mixtures 
is well established. In addition to this, nonpolarity of 
helium molecules and their low solubility in the liquid en-
able one to make appropriate assumptions so that the theore-
tical or empirical models currently available in predicting 
gas and liquid phase equilibria can be applied to the helium 
binary mixtures. One interesting phenomenon in helium binary 
t. .,̂  . r. 51 ^ 
systems is that, as pointed out by Hiza and Duncan and 
37 
Garber, their isobars exhibit a minimum when the enhance-
ment factor is plotted against temperature. This phenomenon 
37 
seems to be unique to these helium binary systems. Because 
of these several observations and the fact that the extention 
of study for phase equilibria to helium~halogen-substituted 
hydrocarbon systems might be interesting, the systems of 
helium-halogen substituted methane were decided to study in 
this work. 
Carbon tetrafluoride and chlorotrifluoromethane were 
chosen as the second components. The main reason was that 
they can be treated as spherical nonpolar molecules together 
with helium. Other than this, the relative simplicity of 
the components from a molecular viewpoint, low toxicity, and 
the availability of their physical property data for the 
calculation of phase equilibria were also considered. Espe-
cially, the anomalous solvent properties of fluorocompounds 
which have aroused considerable interest in recent years 
afford a rather severe test for the theoretical models in 
predicting phase equilibria. 
CHAPTER II 
EXPERIMENTAL APPARATUS 
Description of Apparatus 
The entire phase equilibrium apparatus is shown schemati-
cally in Figure 1. This single-pass, flow-type device, used to 
determine the gas-liquid phase equilibria in this work, has been 
68,69 68 90 
described in detail by Kirk and was used by Kirk, Mullins, 
77 37 
Liu and Garber in their phase equilibrium measurements. The 
apparatus was constructed primarily for the measurements of phase 
equilibria at temperatures between about 65 K and room temperature 
and pressures up to lAO atm. The description of the apparatus will 
be briefly discussed here in terms of its use for the helium-carbon 
tetrafluoride and helium-chlorotrifluoromethane systems. 
Helium from a pressurized cylinder is admitted to the high-
pressure panel which is used for the regulation and measurement of 
pressure in the system by means of a pressure regulating valve (VI) 
and two Bourdon pressure gauges Gl and G2. The gas flow is then 
directed into the phase equilibrium cell by controlling the needle 
valves V7, V8, V9, and VIO. The pressure regulating valve (VI) is 
capable of regulating pressure from 0 to 4500 psi, and the high and 
low pressure gauges Gl and G2 read from 0 to 3000 psi and 0 to 600 
psi, respectively. A gauge protector, set for 570 psi cut-off, is 
attached to G2 and protects the gauge from excess pressure. The 
gauges Gl and G2 have recently been recalibrated by Garber 
37 
using the vapor pressures of argon and carbon dioxide 
(see Appendix A). The uncertainties of these gauges are 
within 0,5 percent of the indicated pressure. 
A known amount of liquid component is introduced in-
to the cell by means of a high pressure gas burette and the 
valves V2, V5, and V6 which are also located on the high 
pressure panel. A pressure gauge, not shown, is also 
mounted on the panel to measure the pressure in the high 
pressure burette. 
The phase equilibrium cell whose internal volume and 
height are 46 cc and 9 inches, respectively, consists of an 
approximately cylindrical 9.5 pound copper body closed at 
both ends with threaded monel plugs sealed with soft solder. 
The cell is surrounded by a larger copper body which serves 
the function of a cryostat. A liquid nitrogen reservoir 
which provides the refrigeration for the cell is suspended 
beneath the copper cryostat. The entire assembly is sus-
pended in an evacuated cylindrical container filled with an 
evacuated powder insulation containing metal flakes (Llnde 
CS-5). The refrigeration of the cell is provided by trans-
ferring liquid nitrogen by means of a small tube from the 
reservoir to an annular space between the cell and the 
copper block cryostat surrounding the cell. The pressure 
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11 
pressure by means of a differential pressure regulator. This 
facilitates controlling the rate of refrigeration by simply 
adjusting the throttling valve in the vent line, which in-
creases or decreases the rate of transfer of liquid nitrogen. 
Temperature control is established by a balancing a 
slight excess of refrigeration with heat from a direct 
current heater wrapped on the copper block. The energy in-
put to this heater is controlled by an automatic temperature 
controller, which is a photoelectric, proportional device in 
which the output of a six-junction thermopile is balanced 
against a reference potentiometer. 
The primary thermometer used for temperature measure-
ments of the cell is a capsule-type platinum resistance 
thermometer manufactured by Leeds and Northrup Company and 
located in a well in the upper shoulder of the cell. This 
thermometer has been calibrated by the National Bureau of 
Standards on the International Practical Temperature Scale 
of 1948 (IPTS-48) above 90,18 K with an assigned ice point 
of 273.15 K. All temperatures reported in this work are on 
the (IPTS-68) as described in Appendix A, A number of 
difference thermocouples and thermopiles made of copper and 
constantan are mounted on the equilibrium cell and copper 
block to measure the temperature gradients along the cell 
and to monitor the temperature of the cell. 
The liquid sample is collected on the sample collec-
tion panel which provides a mercury-filled glass burette to 
12 
hold the vaporized liquid sample until the sample is ana-
lyzed. A Perkin-Elmer vapor fractometer 154B is used for 
the analysis of the liquid sample. The gas flows continu-
ously from the cell to the gas sample collecting copper 
burette and the flow rate of the exit gas can be measured 
with a wet-test meter. A gas sample from the equilibrium 
cell can be collected at any time and analyzed on a Perkin-
Elmer vapor fractometer 154D, The calibration of these two 
gas chromatographs to determine the composition of the minor 
component of a sample is based on peak heights. The details 
of the choice of columns and the operating conditions for 
chromatographs and the calibration are described in Appendix 
E. 
Experimental Procedure 
A good vacuum between the copper block cryostat and 
the insulation powder-filled container is necessary for the 
stable temperature control of the cell. At first, this 
space is evacuated with a mechanical pump, while at the same 
time flushing out the equilibrium cell with helium gas to 
remove all impurities in it. An acceptable vacuum of about 
0.1 torr at the top and about 50 microns at the bottom of 
the insulation container could be always established at the 
room temperature. The cryostat is then cooled down with re-
frigerant. The reservoir is filled with approximately two 
liters of liquid nitrogen with the differential pressure 
13 
regulator open. After filling the reservoir, the differen-
tial pressure regulator and the filling line at the top of 
the insulation container are closed. With the throttle valve 
wide open about six hours are required to cool down the 
cryostat from the room temperature to around 100 K and uses 
up about three liters of liquid nitrogen. A slight over-
pressure in the liquid nitrogen reservoir caused by the 
differential pressure regulator injects the liquid nitrogen 
via the capillary tube into the space between the cell and 
the copper block. This cools down the block and the cell. 
With the cryostat cooled a vacuum of 0,05 torr at the top and 
30 microns at the bottom of the insulation container is 
usually obtained. To maintain the temperature of the cell 
constant after the desired temperature has been reached, the 
rate of refrigeration and the rate of heating are adjusted 
so as to provide a slight cooling. The cooling down below 
the desired temperature causes the heat input to be increased 
through the automatic temperature controller. In this way, 
the temperature of the cell could be always controlled with-
in ±0,02 K at any point throughout this work. Two liters of 
liquid nitrogen provide sufficient refrigeration for about 
20 hours of operation. 
After establishing the temperature of the cell, the 
pressure of the system is set using the pressure regulating 
valve (VI), The resulting gas flow rate is measured with 
the valves V8 and V9 open and V7 and VIO closed using the 
14 
wet-test meter and set at approximately 100 cc/hr (at cell 
T and P) by adjusting the flow rate regulating needle valve 
Vll on the high pressure panel. The next step is to intro-
duce the liquid component into the cell. A known amount of 
the liquid component is first isolated in the high pressure 
gas burette with the valves V5 and V6 closed and then slowly 
flushed into the cell and condensed there with the valve V2 
closed and V5 and V6 open. About 10-12 cc of the liquid 
volume is initially introduced into the cell. This quantity 
brings the liquid level in the cell slightly above the con-
striction in the middle of the cell and allows about 4-6 cc 
of liquid above the end of the liquid sample line which ex-
tends downwards through the upper monel plug to a point 
slightly below the middle of the cell. Too much liquid in 
this cell may cause undesirable entrainment. These 4-6 cc of 
liquid are sufficient for the analyses of the gas and liquid 
phases after allowing for some evaporation of the liquid in 
the cell. (A liquid level indicator is located on the liquid 
capillary line and was out of order at the time of this 
work.) After charging the cell with liquid and establishing 
the desired temperature and pressure in the system, gas 
samples are continuously collected and analyzed with the 
154D chromatograph until the peak heights of three consecu-
tive samples differ no more than two percent. The liquid 
sample is then withdrawn through the liquid sample line and 
collected on the sample collecting panel. Two or three 
15 
aliquot analyses are made using the 154B chromatograph. 
During this period of analysis, the temperature of the 
platinum resistance thermometer, the pressure inside the 
cell, and the temperature gradients along the cell are 
continuously measured. 
After the measurement of each point on an isotherm, 
it was necessary to locate the liquid level since addition 
of too much liquid may cause entrainment. This is done by 
continuously withdrawing liquid samples and analyzing them; 
a sudden change of helium concentration indicates that the 
liquid level is just below the end of the liquid sample line. 
For the next measurement, approximately A to 6 cc of the 
liquid component is again added into the cell using the high 
pressure gas burette and the pressure is adjusted to the 
next desired point. Analysis of gas and liquid samples for 
each point on an isotherm takes about one and one-half to 
two and one—half hours. 
Throughout this work, the temperature gradients along 
the cell during phase equilibrium measurements were always 
less than 0.03 K. Considering these temperature gradients 
and the cell temperature fluctuation, the uncertainty of 
temperature measurements was estimated to be ±0.03 K. 
In the analysis of helium in the liquid, an addi-
tional column of silica gel installed outside the 154B chro-
matograph in series with the molecular sieve column was used 
to retain the second component long enough so that after 
16 
analysis of helium It can be vented directly from the 
silica gel column to the atomosphere. This modification 
of the equipment is described in detail in Appendix E. 
17 
CHAPTER III 
EXPERIMENTAL RESULTS AND DISCUSSION 
Introduction 
In this investigation the equilibrium gas and liquid 
phase compositions of two binary systems* helium-carbon 
tetrafluoride and helium-chlorotrifluoromethane were meas-
ured. Since no experimental phase equilibrium data were 
available for these systems in the literature, no comparison 
could be made. However, the results are discussed in rela-
tion to those of similar binary systems. 
Six isotherms for the helium-carbon tetrafluoride 
system and seven isotherms for the helium-chlorotrifluoro-
methane system were studied from 20 to 120 atm with an 
interval of 20 atm. The results are presented in Figures 
2 through 9. Since the gas phase compositions at 20 atmos-
pheres at the highest temperatures in these measurements 
were beyond the composition range of the chromatograph 
calibration curve (see Appendix E), those compositions were 
not measured. 
The gas phase compositions are expressed in terms of 
enhancement factor which is the ratio of the actual composi-
tion to the ideal composition of the gas phase. The detailed 
experimental data and their smoothed values are given numeri-
cally in Appendices F and G, respectively. 
18 
Experimental Results 
Six isotherms of 106.01, 117.33, 132.18, 147.10, 
162.03, and 173.02 K in the gas-liquid region were studied 
for the helium-carbon tetrafluoride system and those for the 
gas phase are shown in Figures 2 and 3 with enhancement 
factor on the ordinate and total pressure on the abscissa. 
The points in the figures represent the average values of 
two or more samples for given pressures. The curves are 
smoothly drawn by eye through the experimental points so 
that the curves intersect the abscissa at the values of 
pressure equal to the vapor pressures of carbon tetrafluo-
ride at given temperatures. From these smoothed curves also 
drawn are ±2 percent error bars inherent of the enhancement 
factors. In Figure A, the smoothed enhancement factors 
obtained from Figures 2 and 3 are plotted against 1000/T 
for a given pressure and the resulting isobars show an 
interesting phenomenon which is discussed in later part of 
this chapter. These isobars correspond to the pressures 20, 
40, 60, 80, 100 and 120 atm. The 20 atm isobar is smoothly 
extended by a dotted line so as to join the abscissa at the 
temperature at which the vapor pressure of carbon tetrafluo-
ride is 20 atm. The experimental solubilities of helium in 
liquid carbon tetrafluoride are presented in Figure 5 
together with ±2 percent error bar. The smoothed experimen-
tal data given in Appendix G were read from the smoothed 
19 
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curves In Figures 2, 3, and 5. 
The seven isotherms in the gas-liquid region for the 
helium-chlorotrifluoromethane system are shown as a plot of 
enhancement factor vs temperature with ±3,5 percent error 
bar: three isotherms at 1A5.21, 163.01, and 180,02 K in 
Figure 6 and four isotherms at 196,01, 211.06, 221.27, and 
231.08 K in Figure 7. The enhancement factors for this 
system are also plotted against 1000/T along six isobars -
20, 40, 60, 80, 100 and 120 atm - and presented in Figure 8, 
The liquid compositions along seven isotherms are shown as 
a function of pressure in Figure 9. The smoothed experimen-
tal equilibrium data for the helium-chlorotrifluoromethane 
system given in Appendix G were read from the smoothed curves 
in Figures 6, 7, and 9. 
Discussion of Results 
In most helium binary systems with light hydro-
37,38,46,47,51,54,63,111,122 , , ^ ^ ««.«̂ „ carbons, » » » » » » » » t̂ ie enhancement factors 
have been shown to be usually between one and two in the gas-
liquid region at pressures up to 120 atm, and those in the 
helium-saturated hydrocarbon systems are greater than those 
37 51 
in the corresponding unsaturated hydrocarbon systems, * 
7 7 at the same pressures and reduced temperatures. Liu has 
also shown that the enhancement factors in the helium-carbon 
dioxide system are smaller than those in other binary systems 
90 48 . 27,109 
such as helium-argon, -oxygen, -nitrogen, and 
28 
47,54,122 t. . . 
-methane systems; the maximum enhancement factors 
at pressures up to 120 atm in the gas-liquid region in the 
latter systems are not much greater than two« In other 
words, the helium binary systems involving nonpolar spheri-
cal molecules generally give greater enhancement factors 
than those with less spherical molecules. These interesting 
facts are also true in the systems studied in this work* As 
shown in Figures 2, 3, 5, and 6, the enhancement factors are 
between one and two, and those in helium-carbon tetrafluoride 
system are greater than those in helium-chlorotrifluoromethane 
system at the same pressures and reduced temperatures, with 
carbon tetrafluoride being more spherical than chlorotrifluo-
romethane. Thus, the behavior of these helium-halogen-subs-
tituted methane systems is not much different from other 
helium binary systems. In this work the approximate ranges 
of the gase phase equilibrium compositions were found to be 
between 0.03 to 15.1 mole percent carbon tetrafluorIde In 
helium-carbon tetrafluoride system and between 0.04 to 16.6 
mole percent chlorotrifluoromethane in helium-chlorotrifluo-
romethane system (see Appendix F). 
Figures 2 and 3 show the general trend of the enhance-
ment factor isotherms in the helium-carbon tetrafluoride 
system. As the temperature increases, the enhancement fac-
tors at the constant pressure decrease and then after passing 
the minimum point at around the normal boiling point of 
29 
16 
carbon tetrafluoride, 145.12 K, the enhancement factors 
begin to Increase with increasing temperature. This pheno-
menon was first noted by Hiza and Duncan in their study 
of the helium-ethane system. Figure A clearly shows these 
minimum points on the isobar curves and their shift to the 
higher temperatures as the pressure increases. These 
interesting phenomena have been found in several other 
47 37 
helium binary systems such as helium-methane, -ethylene, 
111 and -propane. The lowest isobar curve in Figure 4, is 
extended with dotted line such that after passing a maximum 
point it crosses the abscissa at the temperature at which 
the vapor pressure of carbon tetrafluoride is 20 atm. Since 
the enhancement factor should be one when the total pressure 
is equal to the vapor pressure of the liquid and the critical 
pressure of carbon tetrafluoride is 36.96 atm, the 20 atm 
isobar curve in Figure 4 is natually expected to have a 
maximum point before it Joins the abscissa. 
The enhancement factor isotherms for the helium-
chlorotrifluoromethane system are presented in Figures 6 
and 7, and the trends of these isotherms are somewhat simi-
lar to those of the helium-carbon tetrafluoride system. 
The enhancement factors in Figure 6 decrease with increasing 
temperature and those in Figure 7 show the reverse trend. A 
plot of enhancementfactor versus 1000/T at even pressures 
for the helium-chlorotrifluoromethane system is shown in 
Figure 8. The minimum points on the isobars are located 
30 
near the normal boiling point of chlorotrlfluoromethane, 
1 
191.75 K, and these minimum points move to the higher tem-
perature as the pressure increases. Although it is not 
shown in Figure 8, a maximum point on the 20 atm isobar is 
also expected to lie somewhere between the minimum point on 
the curve and its intersection with the abscissa on the same 
grounds that have been described for the helium-carbon tetra-
fluoride system. 
The solubilities of helium in carbon tetrafluoride 
and in chlorotrifluoromethane are similar to each other and 
37 122 greater than other helium binary systems * for the same 
pressure and reduced temperature. The liquid compositions 
in the helium-carbon tetrafluoride and the helium-chlorotri-
fluoromethane systems range from 0.165 to 5.37 and from 
0.197 to 5.A6 mole percent of the condensible component, 
respectivelyy as shown in Figures 5 and 9. These systems 
also show the reverse solubility effect exhibited by other 
37 122 helium binary systems, * that is, the solubility of 
helium increases with increasing temperature for a given 
pressure. The solubility curves in both systems bend down-
ward with increasing pressure as can be seen in Figures 5 
and 9 which indicates that the behavior of these systems 
deviates negatively from Henry's law. In Figure 9, several 
high temperature isotherms have less than six experimental 
points as the liquid samples were lost during the gas phase 
analysis due to the high evaporation rate of liquid at those 
31 
temperatures. The liquid samples lost were all rerun in the 
helium-carbon tetrafluoride system. The highest isotherm in 
Figure 5 has five experimental points and all others have 
six. 
The experimental error in the gas phase analysis for 
the helium-carbon tetrafluoride system was estimated to be 
±2 percent of the stated analysis and for the helium-chloro-
trifluoromethane system ±3.5 percent, and in the liquid 
phase analysis for both systems ±2 percent. The correspon-
ding error ranges are shown as a bar on the smoothed curves 
in Figures 2, 3, 5, 6, 7, and 9. These uncertainties were 
determined from the scatter in the chromatograph calibration 
curves (see Appendix E), the pressure gauge uncertainty of 
±0.5 percent, and the temperature uncertainty of ±0.03 K. 
The scatter of points along an experimental isotherm is with-
in the corresponding uncertainty as expected. 
68 90 77 37 
Kirk, Mullins, Liu, and Garber have all proved 
that a flow rate of 100 cc/hr at the cell temperature and 
pressure was adequate for establishing the gas-liquid phase 
equilibrium in the single-pass flow type apparatus used in 
this work. In this kind of phase equilibrium apparatus, 
non-equilibrium steady state can occur if the flow rate 
through the equilibrium cell is too fast. To see if this 
same flow rate is proper for the systems studied here, the 
flow rate was varied at several points. In the helium-
32 
carbon tetrafluorlde system, five points at 20 and 120 atm 
on the two lowest Isotherms were reproduced as shown In 
Figure 2: three of them with a flow rate of 150-200 cc/hr 
and the others with that of 50 cc/hr at the cell temperature 
and pressure. In addition to these* one more point at 20 
atm on the 117.33 K isotherm was rerun after reducing the 
temperature from 132.18 K to see if there is any difference 
in the liquid phase compositions * since the usual procedure 
followed in this work was to start from the lowest tempera-
ture and work to the higher temperature. This additional 
point is shown in Figure 5. These results are in good agree-
ment with the earlier measurements within the experimental 
error and thus verified that a flow rate near 100 cc/hr was 
satisfactory for the helium-carbon tetrafluorlde system. 
(Very recently Shiau has reproduced the 147.10 K isotherm 
in the helium-carbon tetrafluorlde system and his experimen-
tal results are in excellent agreement with those of this 
work.) 
In the helium-chlorotrifluoromethane system, four 
points at 20 and 120 atm on the two lowest isotherms were 
rerun: two of them at twice the normal flow rate and the 
others at half of it. Their agreement with the earlier 
measurements was again satisfactory. The flow rate of 100 
cc/hr at the cell temperature and pressure is thus verified 
to be adequate for the helium-chlorotrifluoromethane system 
also and was used in all the runs in this work. 
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CHAPTER IV 
CALCULATION OF ENHANCEMENT FACTORS 
Introduction 
A more sensitive parameter than the mole fraction in 
describing the non-ideality of gas phase in equilibrium with 





To predict the enhancement factor, that is, to calculate 0 
without the experimental value of y-ĵ  in Equation (lV-1), an 
exact thermodynamic expression for the enhancement factor is 
necessary. 
For the equilibrium between phases in a multicompo-
nent system, the chemical potential of each component in every 
phase must be equal, that is. 
yL _ v,G _ yS 
^i ^i i 
i a 1, 2 (lV-2) 
For the condensible component 1 in the gas-liquid equilibrium 
at the temperature T and pressure P in a binary system, the 
following relation holds: 
34 
P^(P,T,xJ = y^(P,T,y^) (lV-3) 
The chemical potential of the liquid mixture can be expressed 
in terms of that for the pure liquid under the same tempera-
ture and pressure as follows: 
.*L P Y ( P , T , X J ) = VI^^(P,T) + RT Jin (y* Xj ) 
Yj -̂  1, as Xj -• 1 
where 
(IV-U) 
y*^(P.T) = y?^(Poi.T) + f^ VjdP 
^oi 
(lV-5) 
The chemical potential of the pure liquid under its saturation 
pressure P^. must be the same as that of the pure gas at PQJ. 
u!''(Poi''r) =yT''(Poi'^^ = -̂~ [^^^K, „ - ̂ l^^i 
Ol dn^ Vj,T Vj 
(lv-6) 
01 - RT In -Jll + g^ 
RT * 
where g is the Gibbs free energy of one mole of component 1 
in the ideal gas state at the temperature T and one atmosphere 
pressure. 
For the chemical potential of component 1 in a binary 
gas phase, the following equation holds: 
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G - 8 ? 
Pi(P,T,y^) = / [(-—) 
V^ '̂̂ i V^'T''^ 
_ £1 ] dV„ - RT Jin 




+ RT An y + g 
1 I 
By combining Equations (lV-3) , (IV-U), (IV-5), (IV-6), and 
(lV-7) and adding RT in (P/PQ ) to both sides of Equation 
(lV-3), the final expression for the enhancement factor is 
obtained. 
Py PV 
in 0 ^ in ^ = in ^ ^ 
Poi PoiVoi RT P^^ 
i / VidP (IV-8) 
1 " ap, 
+ — / [ (r-^) 
RT V^ ^̂'̂i V T 
Oi I '-̂  
RT ] dVj - ~i / [(^^) 
RT V 3ni V ,T,n2 *m m' ' 
RT - £!£ ] dV„ + in (Y'X, ) 
m 
1 1 
An expression for the enhancement factor similar to 
Equation (lV-8) has been reported by a number of authors; * 
«i9 , JT ,'•0 ,D0,90 ĵjj some cases the condensed phase is assumed 
to be pure, the term in (y'x^) being dropped out. To evaluate 
the enhancement factor using Equation (lV-8), the following 
information is required: 
36 
1. Composition of liquid phase. 
2. Experimental data or an assumption about Y'» 
3. Molar volume of pure liquid component as a func-
tion of temperature and pressure. 
k. Equation of state for the gas phase of pure compo-
nent 1 and for the gas mixture. 
The composition of liquid phase has been experimentally-
determined for the helium-carbon tetrafluoride and helium-chlo* 
rotrifluoromethane systems in this work and found to be always 
less than 5.5 mole percent. Due to this low concentration of 
helium in the liquid phase, the solutions investigated here 
are assumed to be ideal, that is, the activity coefficient y* 
90 is one. This assumption is based on the work of Mullins in 
which the activity coefficient of argon in the helium-argon 
system is computed along three-phase line, where the composi-
tion of helium in condensed phase is negligible, and shown to 
be one. 
Since no data are available for the molar volumes of 
liquid carbon tetrafluoride and chlorotrifluoromethane as a 
function of pressure except the saturated molar volumes at 
given temperatures, a generalized correlation for the com-
pressibilities of normal liquids given by Chueh and Praus-
21 nitz has been used for these liquids to estimate the liquid 
molar volumes as a function of pressure. This correlation 
uses the compressibility of liquids at saturation. The 
compressibility 3 is defined by 
37 
^ " " V/TF^^T 
(lV-9) 
For a given liquid, 3 is a function of both temperature and 
21 
pressure, Chueh and Prausnitz have shown that, after re-
arranging their original equation, the molar volume of liquid 
can he expressed as: 
V = V [1 + n3^(P - P )] 1 oi^ oi ' 
(lV-10) 
This equation holds for the interval 0,k £ T <̂  0,98, which 
fully covers the temperature range of this work. The com-




ci h (1.0 - 0.890)^) [•xp (6.95̂ *7 - T6.2853T^ (iV-ll) 
RT Ri 
ci 
+ 191.3060T^ - 203.5UT2T' + 82.T36lT^ )] 
R1 ni ni 
0) in Equation (IV-11) is Pitzer's acentric factor and given 
by 
0) = - log P - 1.0 
R 1 
(lV-12) 
where P is the reduced vapor pressure of the component 1 
Ri 
evaluated at a reduced temperature of 0.7. The value of n 
38 
in Equation (IV-IO) has been suggested as 9 for normal liquids 
21 by Chueh and Prausnitz*^"^ and this value of n has been used in 
this work. The calculated values of $^ for carbon tetrafluo-
ride and chlorotrifluoromethane are presented in Table 18 of 
Appendix H. Using Equation (IV-IO), the first integral in Equa-
tion (IV-8) is evaluated as: 
V 
1 P 
RT ^ ^i^P ' 
P 86 RT 
oi 
Oi o 1 
-z— [{ 1 + 93 (P - P ,)}« - 1] (lV-13) 
The evaluation of the second and third integrals in 
Equation (lV-8) can be accomplished using a equation of state 
for the gas phase for both the pure component 1 and the gas 
mixture. The correct evaluation of these integrals is one of 
the primary objectives of this work. 
Equations of State Considered 
From the time of Boyle, some 300 years ago, one has 
attempted to describe the volumetric behavior of gases using 
an equation of state. But no one equation of state has been 
found yet which satisfactorily describes the volumetric pro-
perties of all fluids, A number of equations of state have 
been therefore developed; some are theoretical, some are empi-
rical, and some are combined forms of the first two types. A 
good summary of equations of state has been recently given by 
I3U 
Tsonopoulos and Prausnitz, 
The most commonly used equations of state for engineering 
applications are the virial equation, the Benedict-Webb-Rubin 
39 
equation,'^»^»9 the Beattie-Bridgeman equation,^ the Stockbridge 
equation,"^^ the Martin-Hou equation and the Redlich-Kwong 
equation. 103 Of these, the virial equation of state and the 
Benedict-Webb-Rubin equation of state have been chosen and used 
in this work. The details of these two equations of state and 
their applications to the systems of this work are given in 
the following sections following closely the description of 
Garber• 37 
Virial Equation of State 
The virial equation of state was first proposed as an 
empirical form for representing P-V-T data of gas by Kamerlingh 
Onnes early in twentieth century. Later, it was shown that 
this virial equation of state can be derived from the statis-
tical mechanics,^^'^ This virial equation of state is used 
here in a form truncated after the third virial coefficient. 
JPV . 1 + ill 
nRT V 
n^C (IV-11+) 
The second and third virial coefficients, B and C in 
Equation (IV-lU) are a function of temperature. When these 
virial coefficients are applied to a binary gas mixture, they 
can be given as Equations (lV-15) and (IV-l6). 
B - ,r2 „ = yjB., • 2y,y,B,, * y^B 22 
f, - „3p ^ 3y^y C + 3y y^C + y^C 




Applying Equation (IV-14) to the second Integral of 
Equation (IV-8), following expressions are obtained. 
on ^ ^ V Y2 Y3 (IV-IT) 
V^, 1 v,r I ox 01 
o 1 
Similarily, using Equations (IV-lU), (lV-15), and (IV-16), 
the third integral of Equation (lV-8) can be evaluated. With 
these integrals evaluated and Equation (IV-3), Equation (IV-19) 
is obtained from Equation (lV-8) for the enhancement factor. 
V J. 2B 
iln 0 « — 2 ^ [{1 + 9e®(P - P W - 1] + — i ^ (IV-19) 
8e*̂ RT oi V^j 
. '^^^^ , . ^ ^ ^ i ^ i " ^ 2 ^ 2 > + 2T^ ^n Z^^ -
oi m 
3(y2C + 2y y C + y^C ) 
' ''' '^ ''^ LJ±1^ + Hn Z„ + in X, 
. SI 1 
2V^ 
This equation is the working equation used for the prediction 
of the enhancement factor in the gas-liquid region of this 
work. In Equation (IV-19), there are still two unknown y and 
VjQ which have to be obtained by solving Equations (iV-lU) and 
41 
(lV-19) simultaneously. 
Equation (lV-19) can also be applied to the binary 
gas-solid system. In this case two more assumptions are 
added to simplify the calculation. The first assumption is 
that the solid phase is pure solid component 1, that is, in 
Equation (lV-19) the in x term can be eliminated. This 
go 
assumption is experimentally supported by Mullins,^ who stu-
died the freezing point curve in the helium-argon system up 
to 120 atmospheres and concluded that the solid phase in this 
system was essentially pure argon. The other assumption is 
that the solid phase is incompressible. Considering the pres* 
sure of 120 atmospheres on the solid phase, this assumption 
appears to be reasonable and simplifies the first integral of 
Equation (lV-8) to 
I P ""x , 




Calculation of Virial Coefficients 
Second Virial Coefficient 
If the interaction potential between molecules of the 
same chemical species or different chemical species is known, 
the corresponding virial coefficient can be calculated from 
the statistical mechanics. A variety of intermolecular poten. 
tial functions have been developed to describe the different 
types of intermolecular forces which exist. In this investi-
42 
gation two potential functions have been studied: the 
U9 66,6T 
Lennard-Jones potential and the Kihara core potential. 
The Lennard-Jones intermolcular potential function has 
been widely used to describe the potential energy between sphe-
rically symmetrical non-polar molecules and especially the 
noble gases. This potential function treats the molecule as a 
point mass and does not take into account the size and shape 
U9 of the interacting molecules. The Lennard-Jones potential 
function is given as 
U(r) = he [(J)'! (fi.)'] (IV-21) 
where r is the distance between two point masses, a is the 
value of r at U(r) = 0 , and e is the minimum energy which 
occurs at r = 2 a. As can be seen in Equation (lV-21), this 
function is a two-parameter function with an attractive energy 
inversely proportional "to the sixth pover of the distance be-
tween the molecules and a repulsive force inversely propor-
tional to the twelfth power of the distance between the mole-
cules • 
66,67 The Kihara core potential takes into account the 
size and shape of the molecules by assuming the molecules to 
have an impenetrable core and is given by Equation (lV-22). 
, Po 12 Po 6, 
U(p) = U^ [(-) - 2 (-) 1 (lV-22) 
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The parameter p represents the shortest distance between the 
molecular cores of two interacting molecules and p is the 
o 
value of p when U(p) is minimum, U^. 
Lennard-Jones (6-12) Classical Model (LJCL). Hirsch-
k9 felder, et al, have calculated the second virial coefficient 
based on Equation (lV-12), Using their method, the second vi-
rial coefficient between molecules i and J is written as 
follows• 
B = (b ) B* (T* ) (lV-23) 
i j ^ o ' i j CL ' i j ' 
where 
2TT N. a? 
( ^o ' i j T - ^ (IV-2U) 
1* = 1 (lV-25) 
Ĵ ( e A ) , , 
and 
B : : , ( T * ) = I b^J^ (T* )-^^*^j>/^ (iv-26) 
CL iJ j ^o iJ 
The expression for b in Equation (lV-26) is given by Equa-
tion (lV-27). 
^^^^ = (̂ Tjjj-) r ( ^ ^ ) (lV-27) 
44 
The value of B (T ) in Equation (lV-26) can be well repre-
C LI 
sented by the summation of the first forty-one terms in the 
series (see Appendix D), The first forty-one values of b (J) 
kg 68 
are presented by Hirschfelder, et al. and later Kirk has 
recomputed these values. These two sets of the values of b 
agree very well except at b , where Kirk's value was 
- 0.3386316 X 10""* as compared to - 0.338T2UU0 x lo"^ computed 
by Hirschfelder, et al. The values of Kirk have been selected 
for use in this work. 
The mixture rules for (b ). and (e/k) in Equations 
o ij ij 
(IV-23) and (lV-25) are 
(b )^^ = i (b . 4. b J 
o ij 8 01 oJ 
(Lorentz average) (IV-28) 
and 
(f ij " i '̂  J (geometric average) (lV-29) 
The Lennard-Jones (6-12) parameters used for the estimation 
of the second virial coefficients in this work are given in 
Table 17 of Appendix H, 
Kihara Core Model (KIH). Using Equation (lV-22), 
66 67 
Kihara * has derived the following expression for the pure 
and mixed second virial coefficients from the statistical me-
chanics • 
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N. 3 O ij 3 
M , + M , 
(Po) F (lV-30) 
S . + S M .M 
r oi oJ °i °«5i / N 
^ [ — 2 — ^ * — i r r ^ ( p o ) i j F, 
M^,S^4 + M^,S. V«. + V, 
STT 2 
The three functions F^, F^, and F^ are functions of Z (Z = 
(UQ ) /kT) and can be calculated from Equation (IV-31). 
c» (j) (6j + s) 
P = L b Z 
S J=:0 S 
/12 (lV-31) 
where 
b̂ *̂ ^ =( — ) ( — ) Ti^'^ " ° ) 
s 12 J1 12 
(IV-32) 
The first forty values of b for s = 1, 2 and 3 have been 
s 
computed by Mullins and given by Kirk, These values have 
been used in this work. The mixture rules for (PQ)^^ *^d 
(U )., in Equation (lV-30) are given as 
("ô ij 







oi oj (IV-3I+) 
The parameters M , S , and V in Equation (lV-30) are related 
to the size and shape of the molecular core and have the dimen-
sions of length, area, and volume. For the spherical core "• 
as in the case of helium, carbon tetrafluoride, and chloro-
trifluoromethane whose molecules have been assumed to have a 
spherical core in this work, these parameters are defined as 
MQ = Uira 




Vn = TTTâ  
o 3 
(lV-37) 
where a is the radius of the core. 
For the light gases like helium, hydrogen, and neon, 
it is necessary to include quantum corrections in the calcu-
lation of the second virial coefficient as pointed out by 
Prausnitz and Myers. They have also indicated that these 
corrections may still be required for the mixture of a quantum 
and non-quantum gases and presented the following equation for 
the second virial coefficient considering the first two transla-





(B, ) _ + (b ) _ [A,: B; -f A. . B 
k'ij o ij 
«2 * #«• 
ij "11 
(IV-38) 
« 3 « 
- A B ] 
The second term in Equation (IV-38) applies only as a quantum 
correction for the Lennard-Jones potential, which is the same 
as the Kihara core potential in the special case of a vanishing 
core. As an approximation, this term can also be applied as 
the quantum correction to the Kihara potential. The reduced 
quantum mechanical parameter A is given as 
ij 2ka.%m (U^/k). . 
ij ij o ij 
(lV-39) 
The parameter o . is related to the Kihara parameter by 
- i. M^4 + M^. 
" i j ' ' ' '"o^ij * u7^ 
(IV-UO) 
Equation (IV-UO) is exact for a spherical core and approxima-
tion for other cores. The parameter m in Equation (lV-39) 
iJ 








1 = _i + _i 
M M M 
ij i J 
(IV-U2) 
The first two translational quantum correction terms B and 
B* in Equation (lV-38) have been derived by Kihara ^9,67 g^^^ 
are given as follows: 
B* = I i^\^-f^^^-'^)n^ 
1 jxo I 
(IV-U3) 
B* = ? ^,(J)(/)-(*^^^')/^^ 
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The first forty-two values for b and b computed by 
Kirk have been used in this work. The ideal gas quantum 
« 




o i T 
32TT̂  (T*)^ 
(IV-U7) 
A9 
The second virial coefficient based on the Kihara potential 
as shown in Equation (IV-38) has been used here for helium and 
gas mixtures. The parameters needed for calculating the se-
cond virial coefficients for the Kihara core model in this 
work are given in Table IT of Appendix H. 
Kihara Core Model with Kj^CKIHCKia and KIHEK12). This 
model is esstially the same as KIH except that the geometric 
mixing rule for the energy parameter is changed, that is, in-
stead of Equation (IV-3U), the following mixing rule is adopted 
for a binary system. 
(U ) = (1 - K ) (U ) ^ 
O I 2 12 O 12G 
(IV-U8) 
where 
(U ) ^ « U^ U 
^ o'i2G 01 01 (IV-U9) 
In this modification of the Kihara core model, the mixing rule 
for (p ),,» Equation (IV-33), is not changed. Kj^ ^^ Equa-
tion (IV-U8) is an empirical factor to correct for deviations 
from the geometric mean. 
Recently Hiza and Duncan have reported an empirical 
correlation for K^^ of simple binary gas mixtures (see Chapter 
V), Using their equation, Kj^ can be evaluated from the ioni-
zation potentials of the two components. The Kihara core model 
with this predicted Kjj ô̂ ^ "the geometric mixing rule for the 
energy parameter is called KIHCK12, and when K^^ which is 
50 
evaluated so as to fit the experimental interaction second vi-
rial coefficients data is used, it is designated as KIHEK12. 
Third Virial Coefficient 
The theoretical calculation of the third virial coeffi-
cient in Equation (iV-lU) is much more complicated than that 
of the second virial coefficient since it is concerned with 
three-body interactions. As Sherwood and Prausnitz have 
pointed out, the third virial coefficient is more sensitive 
to the shape of the potential function than the second virial 
coefficient and its calculation allows a more severe test of 
the potential model. 
As presented by Sherwood and Prausnitz, the classi-
cal third virial coefficient of a gas for an angle-independent 
potential function U. (r ) is formally written as 
^ J 1J 
^add 
C = C + AC (lV-50) 
where 
^add ^ _ J^_A_ ^^^ f,,fx3fz3 ^12^13^23 dr,,dr,3dr,3(lV-51) 
AC = ^ /// exp [ 2J. { exp(- ̂ ) - l}] (IV-52) 
3 kT kT 
X r r r dr dr dr 
12 13 2 3 1 2 13 23 
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^"ij = Uj, * U,, + U,3 (lV-.5i*) 
the nonadditivity correction AC is the sum of the two portions, 
the dispersion and the overlap, and therefore Equation (lV-50) 
can be written as follows. 
-J J J 
C « C + AC (dispersion) + AC (overlap) (lV-55) 
Equation (lV-50) is based on the fact that the total potential 
energy of the three-molecule interaction is equal to the sum 
of the three pairwise interactions and the three-body inter-
action energy AU (r^^, ̂ i3» ^^23^* ^^^"^ ^^» 
"l23 = U^^ + U^3 + U^3 * AU (lV-56) 
If one assume the pairwise additivity for the total potential 
energy of the three-molecule interaction (i.e., Ujjj = ^^ii^ • 
Equation (IV-50) becomes 
C = C add (IV-5T) 
which is the customary expression for the third virial co-
efficient. 
Equation (IV-51) has been numerically calculated for the 
11 9 6H 
Lennard-Jones potential by Bird, et al., Bergeon,^ Kihara, * 
52 
^5 ^ , . 110 115 
Rowlmson, et al,, and Sherwood and Prausnitz, and 
115 
for the Kihara core potential by Sherwood and Prausnitz 
assuming a spherical core* 
AC (dispersion) in Equation (lV-55) represents the 
contribution of the attractive force to the third virial 
coefficient and has been estimated for the Lennard-Jones 
(6-12) potential by Fowler and Graben, Graben and Present, 
39 115 
"̂^ and Sherwood and Prausnitz, and for the Kihara poten-
115 
tial by Sherwood and Prausnitz, These investigations 
confirmed that Ac (dispersion) is always positive and becomes 
more significant with decreasing temperature. The repulsive 
portion of the nonadditivity contribution is AC (overlap), 
the evaluation of which has been performed only for the 
Lennard-Jones (6-12) potential by Graben, et al. and Sher-
wood, et al.^ From their calculations, it is found that AC 
(overlap) is negative and its magnitude is nearly same as 
that of Ac (dispersion). Thus, the net contribution of the 
nonadditivity AC to the third virial coefficient can be set 
negligible even though their estimated values contain large 
uncertainty. 
Due to the lack of experimental third virial coeffi-
cient data in the temperature range of this work for the 
substances considered here, except helium, and the large 
uncertainty in the theoretical calculation of the third vi-
rial coefficient, two models have been selected for the 
estimation of the third virial coefficient in this work; 
53 
one is the Lennard-Jones (6-12) classical model and the 
other is the corresponding-states correlation of Chuech and 
18 
Prausnitz, These models are discussed in detail in the 
succeeding sections. 
Lennard-Jones (6-12) Classical Model. Hirschfelder, 
kg 
et al. have presented the following expression for the 
LJCL third virial coefficient, which is based on the poten-
tial additivity neglecting the three-body (nonadditive) 
interaction energy among molecules i, J and k. 
add C = C = (b )^ C (T ) 
ijk ijk o ijk CL ijk 
(lV-58) 
The reduced third virial coefficient is given ai 









The expression for c (J) 13 al SO presented by Hirschfelder , 
et al. and several investigators * * have computed 
the values of c ̂  •̂  . A comparison of C values calculated 
CL 
using these different sets of c "̂  is given in Appendix D, 
The first eighteen values of c "̂  calculated by Kihara 
1+9 
have been presented by Hirschfelder, et al. and these 
values were used in this work. The mixing rules used for 
the two parameters are 
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1̂' ijk (f) (f) (f) * i ^ J ^ k (lV-60) 
and 
i. 
(̂  ) = — [ (bj* 
o ijk 27 0 1 
i- i. 
+ (b )' + (b )' ]' (IV-.61) 
The Lennard-Jones (6-12) third virial coefficient used here 
does not include quantum and nonadditivity corrections. The 
parameters needed for the evaluation of the third virial 
coefficients for the Lennard-Jones (6-12) model are presented 
in Table IT of Appendix H. 
Method of Chueh and Prausnitz. The third virial co-
efficient estimated by the method of Chueh and Prausnitz-^^ 
has been used for the Kihara program to predict the enhance-
ment factor and also used for the fugacity and B calcula-
tions • 
1 ft 
Chueh and Prausnitz have shown a correlation for 
the third virial coefficient within the framework of the 
corresponding states principle. This correlation is in-
tended for estimating the third virial coefficients of pure 
and mixed nonpolar gases including quantum gases. The 
general expression for the reduced third virial coefficient 
is given by 
55 
— = ( 0 . 2 3 2 T^"®*^** + 0 . U 6 8 T " * ) ( l V - 6 2 ) 
X ( 1 - e 
(1-1.89 T^) , -( 2,'*9-2. 3 0 T P + 2 , 7 0 T R ) 
^ ) + de ^ ^ 
This equation requires reliable experimental data to estimate 
the value of d and is recommended to be used at reduced 
temperatures above 0,8, To take into account of the devia-
tions among the reduced third virial coefficients of differ-
1 A 
ent gases, Chueh and Prausnitz have set these deviations 
proportional to the parameter d. This parameter is some 
measure of the size, shape, and polarizability of the mole-
cule and becomes significant at reduced temperatures below 
1.75* They have also presented some values of d for pure 
gases, based on a zero value of d for argon and nitrogen. 
The d values for carbon tetrafluoride and chlorotrifluoro-
methane have been estimated in this work by plotting the 
third virial coefficient data in a reduced form on the 
figure of generalized correlation for third virial coeffi-
18 
cients presented by Chueh and Prausnitz. These third 
virial coefficient data are given in Appendix H. For helium 
they set the parameter d equal to zero. All input data for 
the calculation of the third virial coefficient using the 
method of Chueh and Prausnitz are given in Table l6 of 
Appendix H. 
The configurational properties of light gases such as 
56 
helium, hydrogen, and neon must be described by quantum 
rather than classical, statistical mechanics. For these 
18 
quantum gases, Chueh and Prausnitz use the effective 
critical constants as the reducing parameters instead of the 
true critical constants. These effective critical constants 
are given by Equations (lV-63) and (IV-6U) 
T 










In these equations, c and c are set equal to 21,8 and 
- 9.91 K, respectively. For helium the classical criticaij. 
temperature T** which is the effective critial temperature 
c 
in the limit of high temperature is given as 10.U7 K and 
the classical, high temperature critical volume V** as 37.5 
18 
cc/gm mole by Chueh and Prausnitz. With the effective 
critical constants, given as Equation (lV-63) and (IV-6U) 
the third virial coefficients of quantum gases can be cal-
culated from Equation (lV-62). For the mixtures of gases, 
18 
the mixing rules suggested by Chueh and Prausnitz are 
used for the evaluation of the mixture virial coefficients. 
They are 
57 
C = (C C C ) 









• ^ . ^ 
(lV-66) 
The function f is that given by Equation (lV-62), For a 
c 
binary gas mixture containing a classical gas 1 and a 
quantum gas 2 , the following critical constants are used. 
(T ) 
C 12 
(1 - K 
1 2 






oT ^ V̂ "̂ ) 
(V ) 
c 
1 2 8(1 
MjjT 
(IV-68) 
In this case. 
1 2 
d -I- d 
-i L (IV-69) 
and 
M 1 2 
2M M 
1 2 
M - T M ; 
(lV-70) 
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Since the correction factor K,2̂  for the geometric 
mixing rule In Equation (IV-67) Is obtained from the Inter-
18 
action second vlrlal coefficient data and Is the same as 
that for the Klhara potential given In Equation (IV-A8), the 
method of Chueh and Prausnltz has been used for the calcu-
lation of the third virial coefficients for all of the Kihara 
programs in this work. Because of the large uncertainty of 
the third virial coefficient at temperatures below T = 0,8, 
R 
the third virial coefficient in Equation (lV-62) has been 
set equal to zero at T < 0,8 in this work, that is, C,,, 
R 111 
and C,,, are zero at T < 0,8 from Equation (lV-65) and 
* *2 Rl 
C is also zero at T < 0,8, 
122 R12 
Benedict-Webb-Rubln Equation of State (BWR) 
T ft Q 
The empirical Benedict-Webb-Rubin (BWR)'» »̂  equation 
of state is a modification of the Beattie-Bridgeman equation 
^* of state to represent the properties of fluids at high 
densities and was originally developed for light hydrocarbons. 
Recently, however, this equation has been applied to non-
37,U6, 
hydrocarbons and also to several helium binary systems, 
80 
The BWR equation contains eight adjustable parameters and 












, Ym, / "Ymx 
a a c (l+7T)exp(-vT) 
m m m ni 
+ + ' 
(lV-71) 
m m 
The parameters B' and C are defined as 
m m 
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(A ) (C^)„ 
B» • (B ) - ^ ^ ° "̂  
m o m RT RT 
(IV-T2) 
and 
C = b - -B 
m m RT 
(IV-T3) 
The mixture rules as originally proposed for binary systems 
and used in this work are 
N = y^N + 2y y N + y^N 
m 1 1 1 1 2 1 2 2 2 2 
(lV-Ti+) 
f o r N = A , B , C , and Y w i t h N , . d e f i n e d a s o o o 12 
^ 2 ' ^ ^ ^ > 
(IV-T5) 
for A , C , Y. Two different averages, linear and Lorentz 
o o' 
have been commonly used for the value of (B ), ^ . These are 
^ O 1 2 
O I 2 
B , + B 
01 02 (linear) (IV-T6) 
and 
60 
O 1 2 
= ~ (B"̂ J + B^2 )^ (Lorentz) (IV-TT) 
The BWR equation based on the linear average of (B ) is, 
o 1 2 
hereafter, called BWR (LINEAR) and on the Lorentz average 
BWR (LORENTZ). 
The mixture rules for the remaining four parameters, 
a, b, c, and a are 
N = v^N + 3v^y N + 3v v^N + v^N (IV-T8) 
"m J^l^lll "^J'lJ^Z^llZ -*^1^2"l22 J^2"222 V ̂  * I " / 
with the definition of N « (H.N N, ) . 
ijk 1 J k 
Q 
Benedict, et al, have shown that the Lorentz average 
is better than the linear average in fitting the P-V-T data 
of their hydrocarbon systems but in the prediction of phase 
equilibria, the linear average gives a better fit than the 
Lorentz average, Mullins ^° and Garber have also proved 
that in their study of the phase equilibria for hydrogen and 
helium binary systems the linear average gives the better 
results than the Lorentz average. In this work, both methods 
have been tested. 
Using Equation (IV-8), (lV-13), and ( I V - T D for mix-
tures and pure components, the following equation for the 
enhancement factor can be written. 
61 
iln 0 = Jin 
PV. 
m 
P V ^oi oi 83^ FT 
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1 1 
The mixing rules for a, a, and c in Equation (IV-T9) are 
N • (N N ^ ) ' 
imm 1 m 
(IV-80) 
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with N given by Equation (IV-78), and for v. 
N. = (N,N^)^ (lV-81) 
with N given by Equation ( I V - T U ) , 
m 
The second and third virial coefficients in Equation 
(IV-IU) can be expressed in terms of the parameters in (IV-
71) by putting Equation (IV-TI) in a form similar to Equa-
tion (IV-IU), They can be written as follows. 
B = (B,) - i V i l . Ifolil (iv-82) 
C = b - liiiL + llAl (lV-83) 
ijk ijk RT RT* 
These relations have been obtained by expanding the exponen-
tial term in Equation (IV-TI) and equating the same order 
volume terms to the ocrresponding same order volume terms 
in equation (iV-lU) as shown by Kirk. The second and 
third virial coefficients based on Equations (lV-82) and 
(lV-83) are given in Chapter V and Appendix H, The para-
meters needed for the evaluation of the BWR equation are 
presented in Table IT of Appendix H, 
CHAPTER V 
COMPARISON OF PREDICTED AND EXPERIMENTAL 
GAS PHASE EQUILIBRIUM DATA 
63 
Interaction Second Vlrial Coefficient 
The correct prediction of the thermodynamic proper-
ties of a gas mixture depends mainly on the Interaction 
potential between dissimilar molecules If the molecular 
potentials of the pure components are well known. Unfortu-
nately, the prediction of this Interaction potential Is 
formidable and therefore, the Interaction second vlrial 
coefficient B which Is the most Important measure of the 
1 2 '^ 
Interaction between two dissimilar molecules Is usually 
13. 
derived from experimental data. There are various ways 
23,24,90,135,138 ^^ obtain the Interaction second vlrial 
coefficient as presented by Garber. Of these, the in-
direct method for the extraction of B^^ from experimental 
phase equilibrium data has been widely used by many investi-
gators^^ * ̂ ® ' ̂ ^ * ̂ ^ » ̂ ^ ' ̂ ° ' ̂ °® since other direct methods 
either require precise P-V-T measurements which are very 
difficult or present experimental difficulties at low 
temperatures. This Indirect method is adopted in this work 
and is described here in detail. 
64 
Extraction of Interaction Second Vlrial Coefficient 
from Phase Equilibrium Data 
By rearranging the enhancement factor Equation (IV-
19) for binary phase equilibrium, the expression for B can 
be obtained as 
1 2 
2B 3C 3 
I + P-i- In Z - — 
2v V 2V 01 
^^2 ^oi "̂ ôi m 
T (ŷ c 
01 2V 1 111 
(V-1) 
+ 2y y C 
•^12 112 
V s s 
+ y ! c . _ ) + l^ { ( 1 + 93 (p-Poi>>^ - ^^ 2 122 83®RT 
2y B Py 
i — ^ 4- in Z + X,n x^ - iln - ^ l 
m oi 
The evaluation of V requires the values of the additional 
m 
vlrial coefficients B „, B,^ and C other than those shown 
22' 12 222 
in Equation (V-1). As shown in Figures 36 and 38 of Appendix 
H, the third vlrial coefficients (C ) of the condensed 
components considered here are best described by the method 
18 
of Chueh and Prausnitz. This method has been used for the 
calculation of the third vlrial coefficients C^^^, ^ii2» ^"^ 
C in estimating the experimental B,„ values. The selected 
12 2 12 
curve in Figure 34 of Appendix H represents the experimental 
third vlrial coefficients (C ) of helium very well and the 
input values of C are taken directly from this curve. 
r 2 2 2 
65 
The Lennard-Jones model is used for representing the second 
virial coefficient (2-2^ °^ helium, and the second virial 
coefficients (B,,) of the condensed components are evaluated 
using both the Lennard-Jones and Kihara core models. 
To solve Equation (V-1) , the trial input values of B 
for the calculation of V and K for the calculation of 
m 12 
the third virial coefficients are necessary. Initially, 
these values of B,„ and K. are calculated using the Lennard-
12 12 Jones model and the empirical equation of Hiza and Duncan, 
respectively, 
51 
Th is B program was originally written by Mullins 
90 
37 
and later modified by Garber, and this modified program has 
been used in this work with one more modification, that is, 
46 instead of using the average isothermal compressibility for 
the evaluation of the compressed liquid molar volume, as was 
37 used by Garber, the generalized correlation for the com-
21 pressibilities given by Chueh and Prausnitz was used as 
has been described in Chapter IV. It is now possible to 
solve Equation (V-1) to obtain the experimental B at each 
pressure point along an isotherm. The values of B ob-
tained are plotted against (P - P^j) and extrapolated down to 
(P - PQI) = 0. The true value of B^^ is the intercept of 
this extrapolated line. 
Solving Equation (V-1) with those input values described 
above, the new and improved values of B^^ can be obtained. For 
a new K, value,the B curves based on Kihara model at the 
12 ' 12 
66. 
values of K, from 0 to 1 with an interval of 0,1 are pre-
12 '^ 
pared as a function of temperature in a graphical form and 
the new and improved values of B are plotted in this graph. 
In this way, a new input value of K can be obtained. The 
third vlrial coefficients C and C do not appear too 
112 12 2 ^^ 
sensitive to this parameter K , Two iterations of the B 
*̂  12 12 
program were enough to obtain the final estimates of B and 
K , This method has been described and used by Mullins, 
12 
90 
T . 77 ^ ^ ^ 37 
Liu, and Garber. 
Since B in Equation (V-1) is calculated using two 
models, the Lennard-Jones potential and Kihara core potential, 
two experimental values of B were obtained. These two 
12 
values are shown in Figures 10 and 12 together with the theo-
retically calculated values of B , The theoretical models 
12 
used for comparison are LJCL, KIH, KIHCK12, KIHEK12, BWR 
(LINEAR), and BWR (LORENTZ) for the helium-carbon tetrafluo-
ride system. Since no BWR parameters are available for 
chlorotrifluoromethane, only the LJCL, KIH, KIHCK12 and 
KIHEK12 models were used for the helium-chlorotrifluorome-
thane system. All of these theoretical models have been 
described in detail in Chapter IV, 
B for the Helium-Carbon Tetrafluoride System, Phase 
1 2 ^ 
equilibrium data have been extensively used by Hiza and 
Duncan, Liu, and Garber for the extraction of B,^ for 
' ' 12 
the helium binary systems. But no phase equilibrium data 
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69 
carbon tetrafluoride system prior to the present work. The 
data used here are the smoothed experimental values for 0 
and X presented in Table lA of Appendix G. 
The B values obtained in this work are shown in 
1 2 
Figure 10 together with those predicted using the various 
theoretical models. The B values for this system at the 
I 2 
higher temperatures 303-773 K have been experimentally 
59 13 
determined by Kalfoglou and Miller using Burnett method. 
These values are plotted in Figure 11, and a smooth curve is 
drawn through these experimental values and extrapolated to 
the lower temperatures so as to fit the B values of this 
I 2 
work. All theoretical models used appear to fail to predict 
the B values satisfactorily in the temperature region of 
303-773 K. Table 1 presents the B values from the smooth 
*̂  12 
curve at the temperatures of 300 to 700 K in Figure 11 and 
those from the smooth curve in Figure 10 in the temperature 
range of 110 to 170 K. 
The error range for the B values of this work is 
12 
determined by varying the input enhancement factor and x 
values by the assigned experimental error, ±2.0 percent in 
0 and X , and is also shown in Table 1. The masimum error 
for the B values at 300-700 K is given as less than 1.0 
59 
cc/mole by Kalfoglou and Miller. 
B for the Helium-Chlorotrifluoromethane System. The 
12 1 
B data for the helium-chlorotrifluoromethane system de-
12 
termined in this work are shown in Figure 12. No values of 
70 
Table 1. B^^ ^°^ ^^® Helium-Carbon Tetrafluorlde System 













-3.0 ± 3.0 
1.8 ± 3.0 
5.5 ± 3.0 
8.7 ± 3.0 
11.6 ± 3.0 
14.4 ± 3.0 
17.2 ± 3.0 
26.7 ± 1.0* 
30.9 ± 1.0* 
34.7 ± 1.0* 
38.3 ± 1.0* 
41.3 ± 1.0* 
* 59 
Smoothed values from Kalfoglou's experimental B data 
12 
B. could be found in the literature. The smoothed gas and 
12 
liquid phase equilibrium data used for the extraction of B 
data are presented in Table 15 in Appendix G. The smoothed 
B values read from the smooth curve In Figure 12 are given 
in Table 2 at even temperature intervals with the correspon-
ding error range. This error range was produced by varying 
the enhancement factor by ±3.5 percent and the liquid com-
position X by ±2.0 percent. 
Theoretical models considered for the calculation of 
the interaction second virial coefficients for this system 
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17.1 ± 6.0 
19.6 ± 6.0 
21.5 ± 6.0 
22.9 ± 6.0 
24.0 ± 6.0 
24.8 ± 6.0 
25.4 ± 6.0 
25.8 ± 6.0 
26.0 ± 6.0 t;,; J' 
Discussion of Results 
A good summary of B data for the helium binary 
37 systems has been presented by Garber. In his paper, he 
has discussed in detail the general trend of B^^ curves of 
these systems as a function of temperature and his discus-
sion appears to shed some light on the unusual behavior of 
the B curves which is specific for the helium binary 
systems. In the following, the results of the B^^ data of 
this work are discussed and the main emphasis is given on 
the comparison of these results with the general trend of 
the interaction second virial coefficients for the helium 
37 
binary systems as stated by Garber. 
Of the theoretical models shown in Figure 10, the 
KIHEK12, LJCL, and BWR (LORENTZ) models fit the experimental 
B data for the helium-carbon tetrafluoride system quite 
1 2 
73 
well, the KIHCK12 and BWR (LINEAR) models predict the values 
that are too high, and the predicted B values from the KIH 
1 2 
model are somewhat too low. All of these B values are 
1 2 
positive except at the lowest temperature and increase with 
increasing temperature, which accounts for the fact that 
that the enhancement factors for this system are close to 
one. This is the general trend of the helium binary systems 
as pointed out by Garber. 
59 
The B data of Kalfoglou and Miller at the higher 
1 2 
temperatures (303-773 K) are plotted together with the 
smoothed B, values of this work in Figure 11. A smooth 
12 " 
curve passes through all of the experimental points very 
nicely, proving the consistency of the two experimental 
results. Unfortunately, all of the theoretical models con~ 
sidered here fail to predict the B values satisfactorily 
at the elevated temperatures. As can be seen in Figure 11, 
no maximum Is shown in the experimental B values at this 
X 2 
temperature range though the theoretical curves tend to bend 
downward at the higher temperatures, giving a miximum at 
the temperatures above 750 K. The maximum have been shown 
in the experimental fi^^ curves for the helium-hydrogen, 
helium-nitrogen, helium-neon, and helium-argon systems, and 
37 
Garber stated that these maxima in the B ̂  ̂^ curves are not 
unusual at all in the helium binary systems. The large dis-
crepancy between the experimental and theoretical B^^ values 
in the temperature region of 303-773 K in Figure 11 is pro-
7A 
bably due to the Inadequacy of the theoretical models used 
in that temperature region. No further attempt is made here 
to account for this discrepancy. 
Of the theoretical models shown in Figure 12, the 
KIHEK12 model predicts the best Bj^ values of the helium-
chlorotrifluoromethane system. The values of B obtained 
1 2 
from the KIHCK12 and KIH models are either too high or too 
low. The LJCL model predicts values that are too high at 
higher temperatures, too low at lower temperatures, and 
37 quite satisfactory in the middle. Garber has observed 
that within a given series such as the helium-hydrocarbon 
series or helium-inert gases it appears that, for a given 
reduced temperature T , the values of B increase as the 
Rl 12 
molecules become larger. As can be seen in Figure 12, the 
Bĵ  values of this system are somewhat higher than those of 
the helium-carbon tetrafluoride system, where the chrlotri-
fluoromethane molecules are larger than the carbon tetra— 
fluoride molecules. Although the uncertainty of the B 
values for the helium-chlorotrifluoromethane system is 
large (±6.0 cc/mole), it can be seen in Figure 12 that 
the Bj2 values increase with increasing temperature and the 
rate of this increase decreases at the higher temperatures. 
No maximum is shown on the B curve in the temperature 
I 2 ^ 
region studied here. 
Deviations from the Geometric Mixing Rule 
For pure gases, the evaluation of virial coefficients 
75 
requires the knowledge of Interactions among like molecules. 
These interactions are approximated by some functional form 
such as the Lennard-Jones or Kihara potential. Assuming 
that the interactions among unlike molecules can be charac-
terized by the same functional form, the hybrid interaction 
parameters are estimated from the pure component data using 
combining rules. 
18,37,50,51,56,57,79.90,118 
Numerous investigators have 
shown that the interaction energy parameters can not be 
obtained simply using the geometric mixing rule (Equation 
(IV-29) or (IV-3A)) for all molecular species. Hudson and 
56 
McCoubrey have derived the following mixing rule for the 
energy parameter of the Lennard-Jones (6-12) potential from 
the London theory of dispersion forces. 
1 2 (iiiii^i [ 




•] ( e j C j ) (V-2) 
If the ionization potentials and the collision diameters of 
two interacting molecules are the same, that is, I • I and 
^1 * ^2* Equation (V-2) reduces to the geometric mixing rule. 
In the derivation of Equation (V-2) the repulsive part of 
the potential function was entirely reglected. Recently, 
118 
Sikora has presented a more complicated mixing rule for 
the Lennard-Jones (6-12) potential energy parameter, consi-
dering both the repulsive and attractive parts of the inter-
76 
action potential. This mixing rule Is an Improved form of 
Equation (V-2), In an attempt to correct the deviations 
77 
from the p;eometric mixing rule, Liu has also used the 
following type of the combining rule for the Lennard-Jones 
(6-12) potential. 
f̂> 1 2 ^' - \P f^f\ 'P.^ (V-3) 
Although much attention has given on the estimation 
of the interaction energy parameters for the Lennard-Jones 
(6-12) potential, it is of less interest to correlate the 
Lennard-Jones (6-12) potential parameters, e and a, to 
obtain the interaction energy parameter since these poten-
tial parameters have the strong temperature dependency so 
that the extraction of these parameters from second virial 
coefficient data is quite difficult as has been pointed by 
Lin and Robinson and Hanley and Klein. The Klhara core 
potential function has three adjustable parameters and these 
parameters are not so sensitive to the temperature as those 
of the Lennard-Jones (6-12) potential function. Therefore, 
it has proven to be more meaningful to examine the combining 
rule for the interaction energy parameter for this potential. 
90 37 1819 
Mullins, Garber, Chueh and Prausnitz, * Eckert, 
33 51 50 
et al,, Hiza and Duncan, and Hiza have used the 
following combining rule for the interaction energy parameter 
77 
for the Kihara core potential. 
(U ) = (1 - K ) (U U ) 
0 1 2 12 oi oz 
(V-A) 
K in Equation (V-A) is a correction factor for the geome-
1 2 
trie mixing rule. Hereafter, all values of K discussed are 
1 2 
in reference to Equation (V-A). 
51 
Hiza and Duncan have presented an empirical corre-
lation for K which is based on the experimental B data 
12 12 
for helium, hydrogen, neon, and some other binary systems. 
This is 
i. I 
K, , = 0.17 (I - I ) ^ «'n(^) 
12 V c 1 
c 
(V-5) 
where v and c represent the volatile and condensible compo-
51 50 
nents, respectively, Hiza and Duncan, Hiza, and Garber 
37 
have shown that the values of K calculated using Equa-
12 
tion (V-5) are in good agreement with those of K experi-
mentally determined, in spite of the temperature dependency 
51 37 
of K^ as pointed out by Hiza and Duncan and Garber. In 
this work, the experimental values of K,^ were simultaneously 
determinted with those of B from the phase equilibrium 
1 2 
data using the Kihara second virial coefficients with quan-
tum corrections. Equation (VI-38). The values of B 
obtained are presented in Table 3. The method of extrac-
78 
tion of K value has been given In the early part of this 
chapter. Since the K values for the helium binary systems 
of this work have also shown the apparent temperature de-
pendency, these values are determined as an average value 
over a specified temperature range. 
The values of K,^ determined experimentally and those 
12 ^ ^ 
computed using Equation (V-5) are compared in Table 3, No 
other experimental K,^ values for the helium-carbon tetra-
fluoride and helium-chlorotrifluoromethane systems were 
available for comparison. Very recently, a good summary of 
K values for the helium binary systems has been given by 
37 
Garber, It can be seen from his results that within the 
helium-hydrocarbon series, the helium interactions with large 
molecules tend to give large values of K,„, The K,„ value 
o o J 2 12 
of the helium-chlorotrifluoromethane system is larger than 
that of the helium-carbon tetrafluoride as is shown in Table 
3. 
The difference between the experimental and calculated 
K values for these systems are seen to be very large. The 
value of K for the helium-carbon tetrafluoride system is 
1 2 ^ 
surprisingly small compared with that of the helium-methane 
system, or any helium-hydrocarbon system. So far, no satis-
factory explanation could be found for this unusual behavior 
of K values for these helium-hologen-substituted methane 
12 
systems, but it is certainly true that Equation (V-5) is in-
adequate for the prediction of the K values for the systems 
79 
Table 3. Values of K^2 ^or the Helium-Carbon Tetrafluoride 
and Helium-Chlorotrifluoromethane Systems 
Calculated K^^ Experimental K^g 















0.06 (106-173 K) 
0.25 (145-231 K) 
** These values represent an average value over the speci-
fied temeprature range 
considered here. No further consideration has been made for 
the theoretical basis of Equation (V-5) in this work. 
Enhancement Factor 
For the prediction of enhancement factors for the 
helium-carbon tetrafluoride system, the LJCL, KIH, KIHCK12, 
KIHEK12, BWR (LINEAR), and BWR (LORENTZ) models have been 
used. For the helium-chlorotrifluoromethane system only 
four models, the LJCL, KIH, KIHCK12, and KIHEK12, have been 
studied for the theoretical prediction of enhancement factors 
since no BWR parameters were available for chlorotrifluoro-
methane. All of these theoretical models are described in 
detail in Chapter IV, The predicted values of enhancement 
80 
factors are presented in Tables 14 and 15 in Appendix G, 
Four representative isotherms for each system have been 
selected and presented for comparison in Figures 13 through 
20. All pure virial coefficients used for the calculation 
of enhancement factors using various theoretical models are 
shown in Figures 33 through 38 of Appendix H, 
Of the two equations of state used here, the virial 
equation is designated as the LJCL, KIH, KIHCK12 or KIHEK12 
model depending on which model is used for the calculation 
of virial coefficients. The Lennard-Jones (6-12) potential 
is used in evaluating all virial coefficients in the LJCL 
model. The three models, KIH, KIHCK12, and KIHEK12, differ 
only in their combining rule for the calculation of the 
interaction virial coefficients, B^^* ^122* ^^^ these three 
models the Kihara potential is used for the calculation of 
all the second virial coefficients while for the third virial 
18 
coefficients the method of Chueh and Prausnltz is used. 
The calculation of the enhancement factor based on the BWR 
equation make use of two different mixing rules for the cal-
culation of the parameter (B ) ^ ^ (see Equations (IV-76) and 
(IV-77)) for the gas mixture. The two models, BWR (LINEAR) 
and BWR (LORENTZ) are based on the use of these mixture 
rules. 
Four enhancement factor isotherms for the helium-
carbon tetrafluoride system are shown in Figures 13 through 
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Figure l8. Theoretical and Experimental Enhancement Factors in 
the Helium-Chlorotrifluoromethane System at l80.02 K. 
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Figure 19. Theoretical and Sxperinental Enhancement Factors in 
the Hellua-Chlorotrifluoronethane System at 211.06 K. 
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the Helium-Chlopotrlfluoranethane System at 231.08 K. 
89 
the low temperatures, the KIHEK12 and LJCL models predict 
the enhancement factors closest to the experimental values 
as shown in Figures 13 and lA, and the next best models are 
KIH and BWR (LORENTZ) whose predicted values are A to 8 
percent off from the experimental enhancement factors. The 
BWR (LINEAR) and KIHCK12 models are less satisfactory, the 
predicted values differing from the experimental data by a 
maximum of 20 percent. The above trend still exists at the 
1A7,10 K isotherm in Figure 15 though some change occurs as 
temperature increases. The highest isotherm of 173.02 K 
presented in Figure 16 shows that none of the theoretical 
models can predict values resonably close to the experimental 
enhancement factors. The KIHEK12, BWR (LINEAR), LJCL, and 
KIHCK12 models represent the experimental data within 6 per-
cent. The predicted values using the KIH and BWR (LORENTZ) 
models are high by 10 and 15 percent, respectively. 
Figure 17 through 20 show the four enhancement factor 
isotherms of 1A5.21, 180.02, 211.06, and 231.08 K for the 
helium-chlorotrifluoromethane system. Two lowest experimen-
tal isotherms of 1A5.21 and 180.02 K shown in Figure 17 and 
18 are best represented by the KIHEK12 model, while the LJCL 
model predicts values which agree with experiment within 5 
percent. The KIHCK12 and KIH models are less satisfactory 
in predicting the enhancement factors, their values differing 
by as much as 9 and 25 percent, respectively. Figure 19 
shows that the enhancement factors predicted with the 
90 
KIHEK12, KIHCK12, and LJCL models are in good agreement 
with the experimental data within A percent at all points, 
but again the KIH model is the poorest one in predicting 
the enhancement factors at this isotherm of 211.06 K and 
differs by a maximum of 16 percent. The highest isotherm 
at 231.08 K is best represented by the KIHCK12 model as 
shown in Figure 20. The KIHEK12, LJCL, and KIH models 
predict enhancement factors which deviate by 5, 6, and 17 
percent, respectively, from the experimental values. 
In the prediction of enhancement factors at low 
pressures, where the third virial coefficients are insigni-
ficant, the Bj2 values play an important role within the 
same group of theoretical models such as KIH, KIHCK12, and 
KIHEK12 or BWR (LINEAR) and BWR (LORENTZ). Since the pure 
second virial coefficients are identical in this case, the 
effect of B,^ on the enhancement factor can be seen directly 
by comparing the B curves In Figures 10 and 12 with the 
enhancement factor curves in Figures 13 through 20. 
For both of the helium binary systems considered here, 
the KIH model predicts larger enhancement factors at all the 
temperatures than not only the other Kihara models, KIHCK12 
and KIHEK12, but also BWR (LINEAR) and LJCL models. The 
predicted enhancement factors from the KIH model are also 
higher than those from the BWR (LORENTZ) model except at the 
highest temperature as shown in Figure 16. This can be 
expected since, first, the K factor is always positive and 
91 
this positive value of K increases the B values which 
12 12 
contribute negatively to the enhancement factors, and second, 
B values of the KIH model are greater than those of the 
1 2 ^ 
LJCL, BWR (LINEAR), and BWR (LORENTZ) models as shown in 
Figures 10 and 12 in this chapter. Here, one more comment 
has to be made on the enhancement factor equation. Since 
y is much smaller than unity and V is very small compared 
1 m 
with V in Equation (IV-19), the effect of B on the en-
o I 12 
hancement factors at the low temperatures is much greater 
than B whose predicted values with the KIH, LJCL, and BWR 
11 
models are quite different from one another at the low tem-
peratures (see Figures 35 and 37 in Appendix H ) . 
Unlike other helium binary gas mixtures, the K 
12 
values calculated using Equation (V-5) are quite different 
from the experimentally determined K values. This differ-
12 
ence produced a considerable difference in the predicted 
e n h a n c e m e n t f a c t o r s . From these r e s u l t s . It is concluded 
that the correlation for the K factor given bv Hiza and 
12 
51 
Duncan is inadequate for the helium-carbon tetrafluoride 
and helium-chlorotrifluoromethane systems. 
Of all theoretical models considered, except the 
KIHEK12 model which has been adjusted to agree with the 
experimental enhancement factors, the LJCL model predicts 
most satisfactorily the enhancement factors for both systems, 
although the agreement of its predicted values with experi-
mental data is poor at the highest isotherms. The agreement 
92 
of the B^^ values predicted by the LJCL model with the 
experimental B^^ values can easily account for this trend. 
90 37 
Mullins, and Garber have shown that the BWR 
(LINEAR) model gives better results than the BWR (LORENTS) 
for the prediction of enhancement factors for the hydrogen-
argon, helium-ethane, -ethylene, -propane, and -propylene 
8 
systems. Benedict, et al, have also recommended the BWR 
(LINEAR) model for the prediction of the phase equilibrium. 
Both BWR (LINEAR) and BWR (LORENTZ) models were investigated 
for the calculation of the enhancement factors for the 
helium-carbon tetrafluoride system in this work. For this 
system it was found, on the contrary to the expectation, 
that the BWR (LORENTZ) model generally gave better agreement 
with the experimental enhancement factors than the BWR 
(LINEAR) model. Although no further consideration has been 
made on this subject, this is probably because of the unusual 
behavior of carbon tetrafluoride. The B^j values predicted 
by the BWR (LORENTZ) model are in much better agreement with 
the experimental B values than the BWR (LINEAR) model as 
shown in Figure 10, 
The BWR third virial coefficients of carbon tetrafluo-
ride calculated using Equation (IV-83) are presented with 
the experimental data in Figure 36 of Appendix H. The BWR 
parameters used here are extracted from the P-V-T data of 
30 
carbon tetrafluoride in the temperature region between 
0*-350'' C. These theoretical third virial coefficients in-
93 
crease exponentially Instead of decreasing as temperature 
decreases below 0° C. These calculated values do not agree 
even qualitatively with the experimental values which de-
crease with decreasing temperature below around 225 K, This 
37 
has been also pointed out by Garber in his study of the 
BWR equation for ethane, ethylene, propane, and propylene. 
This inconsistency clearly shows that the extrapolation of 
the BWR third virial coefficients to the lower temperatures 
is highly inadequate. Although the BWR third virial coeffi-
cients of carbon tetrafluoride are probably grossly in error 
at low temperatures, nevertheless the enhancement factors 
predicted using the BWR models are generally satisfactory. 
This is probably because in the temperature region consi-
dered in this work (106-173 K ) , the contribution of C 
• 111 
(also C,, and C,^ ) values to the enhancement factors is 
112 12 2 
negligible and some higher order volume terms in the BWR 
equation. Equation (IV—71), may be compensating for the 
large error in these predicted third virial coefficients. 
37,46,51,111 ^ . -,, 
Some investigators have experimentally 
shown that the enhancement factors in the helium binary 
systems decrease along an isobar with increasing temperature 
and then increase with increasing temperature, thereby 
generating a minimum point in the enhancement factor isobars. 
37 
Recently, Garber has pointed out that this minimum in the 
enhancement factor isobars is rather general in the helium 
binary systems and seems to be unique to these systems. The 
94 
enhancement factor isobars shown In Figures 4 and 8 in 
Chapter III also show this minirautn as can be expected. 
This phenomenon is more pronounced at the higher isobars 
where the third virial coefficients are important. Table 
14 and 15 in Appendix G show that all theoretical models 
used exhibit this minimum in their isobars. In other words, 
the prediction of enhancement factors using these various 
theoretical models can be at least qualitatively satisfac-
tory. It is quite natural to expect a maximum point in the 
helium binary enhancement factor isobars below the critical 
pressure, since the enhancement factor is unity when the 
total pressure of a binary system is equal to the vapor 
pressure of the condensible component. This maximum has 
37 
been also demonstrated by Garber using experimental and 
theoretical enhancement factor isobars of the helium-ethane 
system at 20 atmospheres. The theoretical models used by 
Garber were the Kill, LJCL, and BWR (LINEAR) models. Un-
fortunately, in this work this maximum could not be shown 
conclusively because the highest temperature covered may not 
have been high enough for the 20 atm enhancement factor 
isobar to exhibit a maximum. However, Figure 4 in Chapter 
III shows that the experimental 20 atm enhancement factor 
isobar in the helium carbon tetrafluoride system tend to 
bend downward at the highest temperature, barely showing a 
maximum. 
From the enhancement factor calculation, the following 
95 
conclusions can be drawn. First, the theoretical model 
which can predict the Bj2 values accurately predicts gene-
rally the better enhancement factors. Second, accordingly, 
the KIHEK12 model Is the best In predicting the enhancement 
factors In both helium binary systems considered here except 
at the highest isotherm in the hellum-chlorotrifluoromethane 
system, where the predicted enhancement factors deviate from 
the experimental data by a maximum of 5 percent. The LJCL 
model is generally quite satisfactory in predicting the en-
hancement factors except at the highest isotherms where the 
calculated and experimental enhancement factors agree within 
6 percent. Third, the correlation of Hiza and Duncan has 
to be improved or new correlation is necessary for the 
correction factor, Kj2» to the geometric mixing rule for the 
Kihara energy parameter for the helium-carbon tetrafluorIda 
and helium-chlorotrifluoromethane systems. 
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CHAPTER VI 
COMPARISON OF PREDICTED AND EXPERIMENTAL 
LIQUID PHASE EQUILIBRIUM DATA 
Experimental Henry's Law Constant and Partial 
Molar Volume at Infinite Dilution 
Introduction 
The amount of j>as which is dissolved in a liquid at 
a given temperature depends on the partial pressure of the 
gas in equilibrium with the liquid. For a binary gas-liquid 
phase equilibrium system where the solubility of the gas and 
total pressure are small, this relation can be written as 
Pyj - Hx (VI-1) 
which is widely known as the original Henry's law and is a 
special case of a more general thermodynamic formulation. 
The conditions for the binary systems considered in 
this work are such that one component of a system (helium) 
is well above its critical temperature and the other compo-
nent below its critical temperature, and that the two phases 
are in equilibrium. It is required from the latter that the 
chemical potential of the solute gas dissolved in the liquid 
phase be equal to the chemical potential of that species in 
the gas phase for a given temperature. This is the same 
97 
criterion for the phase equilibrium as described in Chapter 
IV. Thus, 
y'(P,T,y ) - M (P,T,x ) 
2 2 2 2 
(VI-2) 
The chemical potential of the component 2 in the liquid 
phase can be written as 
y^ (P,T,x ) = M*^ (P.T) + RT In iy'x ) 
2 2 2 2 2 
(VI-3) 
where Y2 "* 1 as Xg •* 0, while P "• P^^ 
The standard state for the gase phase is chosen as an 
ideal gas at one atmosphere for convenience's sake. The 
chemical potential of the component 2 in the gas phase can 
now be expressed as 
y. (P.T.y ) » y (P = l, T) + RT An -i. (VI-A) 
where f2 is unity from the choice of the standard state. 
Substituting Equations (VI-3) and (VI-A) into Equation (VI-4), 
and defining 
£n H^ (P,T) = 






in H, (P,T) + ĵn yl (VI-6) 
98 
In Equation (VI-5), HgCP,!) is the thermodynamic Henry's law 
00 
constant and has the units of atmospheres, H , the Henrv*s 
2 
law constant at infinite dilution, is the value of H (P,T) 
2 
in Equation (VI-5) in the limit as x^ "̂  0 and P "̂  P ^ at a 
given temperature. 
If Equation (VI-3) is differentiated with respect to 
pressure at constant temperature and composition. Equation 
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Since the region of interest is near Xg = 0, the last term 





Differentiation of Equation (VI-5) with respect to pressure 
at constant temperature gives 
din H, (P,T) , 




9P RT ^ 9P RT (VI-9) 
Integrating Equation (VI-9), one obtains 
£n H^ (P,T) 
P,T 




Subtltution of Equation (VI-10) into Equation (VI-6) gives 
G 
f 
in -± 00 1 P , T CO £n H^ (P^i'^^ "̂  R? ^ V^ dP + iln Y» 
^ I ' T 
(VI-11) 
This exact thermodynamic relation for the solubility x^ of 
J 2 




If the change of V^ with pressure can be safely 
assumed to be negligible and the composition of the compo-
nent 2 in the liquid phase, x , for all the systems consi-
dered in this work is never greater than 6 percent, so that 
the liquid phase can be assumed to be an ideal solution (i.e. 




V (P - P "i 
2 00 , , 2 '̂  ^01'' 
— = £n H, (P ,T) + 
• ^ 2 ^ Oi» ' RT 
(VI-12) 
This is the working equation that has been used in this work. 
It may be noted that Equation (VI-12) reduces to Equation 
(VI-1) if the system pressure is low and the last terra in 
Equation (VI-12) is neglected, that is, P - PQ^"^ 0. 
00 00 
From Equation (VI-12), the values of H^, and V^ can 
be extracted using experimental phase equilibrium data and an 
equation of state model for the gas phase. Thus a plot of 
in (f^/x^) versus (P - P ) should give a straig ht line whose 
100 
intercept at (P - ^oi^ » 0 is equal to In Hj and whose slope 
is equal to 'v'T/CRT). The only unknown in the graphical eva-
luation of Hj and "^^ values from Equation (VI-12) is the gas 
phase fugaclty, f^, since the values of x have already been 
experimentally obtained for the helium binary systems consi-
dered here. Choosing the standard state for the gas phase 
as an ideal gas at one atmosphere, the following expression 
G 
for fJ may be derived. 
S.n f 
2 RT *' ^ ̂ 8n 
V 2 V,T.n^ 
^T, , „ V 
— ] dV - In ^^-^ (VI-13) 
The evaluation f from this equation requires an equa-
2 
tlon of state for the gas mixture as well as the composition 
of the gas phase which has been experimentally determined for 
the systems of this work and whose smoothed values are pre-
sented in the form of the enhancement factor (and hence y^) 
in Table 14 and 15 of Appendix G. The virial equation of 
state is used as an equation of state for the gas mixture 
since the necessary data for the virial equation of state 
have already been determined in Chapter V, Using Equation 
(IV-14), the integral in Equation (VI-13) can be evaluated. 
Thus, after some albegraic manipulation. Equation (IV-14) 
is obtained^^ from Equation (VI-13). 
f.^, 2(y,B,, + y,B,,) 3(yfc,,, + 2y,y,C,,, 






+ n̂ ^nr 
2 m 
Since the vlrial coefficients used in evaluating 
Equation (VI-14) are not determined homogeneously but se-
lected on the basis of the best representation to the experi-
mental data, the values of these virial coefficients have 
to be specified here in detail. The virial equation of 
state truncated after the third virial coefficient was used 
for the evaluation of V , The values of x , y , and B 
m 2 1 12 
used are those experimentally determined in this work; Tables 
1 and 2 in Chapter V show the B, values and the y, and x„ 
'^ 12 • ' 1 2 
values are given in Tables 14 and 15 in Appendix G. The 
values of C are presented in Figure 34 of Appendix H and 
all the other third virial coefficients were predicted using 
18 
the method of Chueh and Prausnitz whose parameters are 
given In Table 16 of Appendix H. The B^^ and B^j values were 
estimated using the Kihara and Lennard-Jones parameters, 
respectively, given in Table 18 of Appendix H. The K^^ 
values used for the evaluation of the interaction virial 
coefficients, C and C , were those extracted in this 
work and given in Table 3 of Chapter V, 
There are several other methods for the extraction of 
the Henry's law constant from phase equilibrium data. One 
of these methods makes use of a pseudo Henry's law constant, 
00 





(P-P >-»-o" o K 
P - P 01 (VI-15) 
90 47,52,53 
This method has been used by Mullins, Hiza, et al,, 
46 37 
and Heck, and Garber, By plotting 




versus ( P - P ) and extrapolating to (P - P ) =« 0, the 
o 1 o 1 
— 0 0 
value of K can be obtained as an intercept. The evaluation 
00 
of K from experimental data P, P , and x provides a very 
direct method for examining the internal consistency of the 
experimental data. It is referred to as the consistency 
method in this thesis. Since the evaluation of K°° values is 
2 
simple and values of H*̂  predicted using Equation (VI-12) 
-_00 
agree very well with those of K , this method has been also 
used in this work. It is interesting to note that if the 
total pressure P is small. Equation (VI-12) reduces to 
Equation (VI-15) as P - P "»- 0 while x̂ -̂  0, 
126 
Recently, Solen, et al, have also presented a 
method for the extraction of H2, but since the necessary 
parameters for this method for the systems considered here 
are not available, this method is not used in this work, 
122 
Sinor, et al, have used the same Krichevsky-Kasarnovsky 
equation (see Equation (VI-12)) as used in this work to 
103 
extract H2 and V^, but in the calculation of the fugacity 
n 
of the gas, f^* they assumed that the gas phase is an ideal 
solution, that is. 
.G _ G 
2 ^2^(pure) 
(VI-17) 
based on the Lewis-Randall rule. This assumption is valid 
only when the value of y is very close to zero so that the 
Q 
effects of Bj2» Cii2» ^^^ ^122 °'̂  ^2 ^^ Equation (VI-14) can 
be safely neglected. Since the values of y in the systems 
of this work are not so small, this method has not been used 
in this work either. 
Using Equation (VI-12) and the consistency method, the 
— 0 0 
Henry s law constants and Kg values are graphically extracted 
from the phase equilibrium data of this work for the helium-
carbon tetrafluoride and helium-chlorotrifluoromethane sys-
tems. The results are presented in the following sections, 
— 0 0 
together with the values of V2 extracted using Equation (VI-
12). The smoothed values of H2 presented in the following 
tables were obtained from the smooth curve which represents 
the extracted values of H"* from Equation (VI-12). The ex-
— 0 0 
tracted values of Vj in this work have been smoothed and 
these smoothed values are given in the following tables. 
00 — 0 0 
Since no experimental H2 and V2 data were available for the 
systems of this work in the literature, no comparison could 
be made. 
104 
Experimental Values of H„ and V for the 
1 2 2 
Helium-Carbon Tetrafluoride System 
The phase equilibrium data for this system have been 
measured in this work and are the only available data. The 
temperature range of 106.01 to 173.02 K and pressures up to 
120 atmospheres are covered in this work. The smoothed va-
lues of these data given in Table 14 of Appendix G are used 
for the extraction of H„ and V , 
2 2 
Table 4. H^ and V2 for the Helium-Carbon 
Tetrafluoride System 
T, K H^.atm V , cc/gm mole 
From From 
Equation(VI-12) Smoothed Equation(VI-12) Smoothed 
106.01 11,830 + 287 11,840 18.2 + 1.5 17.9 
117.33 7.723 ± 140 7,715 20.2 + 1.5 18.9 
132.18 4,949 ± 75 4,975 19.3 + 1.5 20.6 
147.10 3,308 ± 60 3,310 24.1 + 1.7 23.1 
162.03 2,336 ± 51 2,345 25.6 + 2.1 26.6 
173.02 1,812 ± 33 1,810 30.5 + 2.1 30. 3 
Corresponding vapor pressures are presented in Table 19. 
The values of H2 obtained using Equation (VI-12) 
agree very well with those from the consistency method as 
shown in Figure 21. They are smoothed and these smoothed 








O This work 
A ConsiStancy Method 
100 115 130 1U5 l60 175 
T,K 
Figure 21. Experimentally Determined Henry's Law Constants for 
the Helium-Carbon Tetrafluoride System. 
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The error ranges shown in this table are determined by 
varying the input data of y^ and x^ by the corresponding 
experimental errors. 
Experimental Values of H*̂  and V^ for the 
Helium-Chlorotrifluoromethane System 
00 —.00 
The H2 and Vj values for the helium-chlorotrifluoro-
methane system have been extracted from the smoothed phase 
equilibrium data of this work which are presented in Table 
15 of Appendix G. These data have been obtained over the 
Table 5. H^ and V2 for the Heliura-
Chlorotrifluoromethane System 
T, K H 2, atm V2, cc/mole 
From From 
Equation(VI-12) Smoothed Equation(VI-12) Smoothed 
145.21 10,037 ± 327 10,000 18.4 ± 3.2 17.9 
163.01 6,516 ± 179 6,550 18.2 ± 3.6 19.3 
180.02 4,537 ± 148 4,570 20.7 ± 3.9 21.1 
196.01 3,314 ± 122 3,340 25. 7 ±4.8 23. 3 
211.06 2,599 ± 87 2,540 25.5 ± 4.8 26.5 
221.27 2,191 ± 76 2,160 28.0 ± 5.0 29.3 
231.08 1,808 ± 66 1,830 34.8 ± 6.0 33.2 
Corresponding vapor pressures are presented in Table 19 
temperature range of 145.21 to 231.08 K and pressures up 
to 120 atmospheres. Since no other phase equilibrium data 
107 
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Figure 22. Experimentally Determined Henry's Law Constants 
for the Helium-Chlorotrifluoromethane System. 
108 
or the values of H2 and V2 were available for this system, 
no comparison could be made 
The extracted values of H^ in this work are compared 
with those obtained from the consistency method in Figure 22 
and their agreement is again very satisfactory. Table 5 
00 —"OO 
show the calculated and smoothed values of Hj and Vg for 
this system as a function of temperature. The experimental 
error of ±3.5 percent of y and ±2.0 percent of x produced 
00 ~~oo 
a maximum error of 3.5 percent in H and 18.5 percent in V , 
Discussion of Results 
00 
As can be seen in Figures 21 and 22, the values of H2 
extracted using Equation (VI-12) are in excellent agreement 
with those obtained from the consistency method and the de-
viations are mostly less than one percent. This agreement 
can be naturally expected since the value of the term, 
V^(P-PQJ)/RT in Equation (VI-12) is small compared with the 
other terms when total pressure, P, is not too large and the 
values of f^ differ only slightly from the values of P - P^^ 
in this case. Actually, Equation (VI-12) reduces to Equation 
(VI-15) (consistency method) as P'-PQI"^ 0 while x^ -•0 when P 
is small. Therefore, the values of H^ and K~ are getting 
closer to each other as the value of P-PQI decreases and 
finally they become identical at P - P = 0 when P is small. 
•> J ol 
—00 
The range of percent error of V values is much 
greater than that of H^ values as can be seen in Tables A 
109 
and 5. This is because in the systems of this work a small 
percent change of H^ values produces a large percent change 
Q 
in the slope of the ĵn ^2^^i "^^^sus (P - P ) curve which 
00 
determines the value of V2. 
A good summary of the Ĥ , and V values for the helium 
37 
binary systems is given recently by Garber. In his paper, 
00 — 0 0 
he has compared the values of H^ and V^ for a number of binary 
systems at a reduced temperature of 0.75 and stated that no 
systematic trend could be found within the helium-hydrocarbon 
series. He has also pointed out that of all the helium binary 
systems studied tbie helium-nitrogen system gives the smallest 
00 ""-CO 
H^ and V^ values, indicating the highest solubility of helium 
in the liquid nitrogen. In this work, the values of H in 
the helium-carbon tetrafluoride and helium-chlorotrifluorome-
thane systems have been found to be even smaller than those 
in the helium-nitrogen systems; the H2 value of T " 0.75 
for the helium-carbon tetrafluoride system is 1920 atm and 
that for the helium-chlorotrifluoromethane system 1960 atm, 
00 
compared with the H value of 2120 atm for the helium-nitrogen 
system at the same reduced temperature. Although no attempt 
has been made to account for this high solubility of helium 
in the liquid carbon tetrafluoride and chlorotrifluoromethane, 
this is probably due to the anomalous solvent behavior of 
fluorochemicals. The values of V2 in the helium-hydrocarbon 
37 
systems studied by Garber are all above 30 cc/gm mole at 
110 
T « 0,75, the smallest being 30.7 cc/gm mole in the 
Ri 
helium-methane system. This value is comparable to the 
values of V^ in the helium-carbon tetrafluoride and helium-
chlorotrifluoromethane systems, which are 27.8 and 31.1 
cc/gm mole at T = 0.75, respectively, 
R 1 
Theoretical Prediction of Henry*s Law Constant and 
Partial Molar Volume at Infinite Dilution 
Introduction 
Many investigators have endeavored to describe the 
properties of a liquid phase as the solubility of gases in 
liquids have become increasingly important for both the 
theoretical understanding of the liquid state and solutions, 
and for practical applications. As a result, some remarkable 
advances have been made in the theory and empirical correla-
tions during the last decade. Various theories of statisti-
cal mechanics of fluids have been developed and tested. Some 
are fundamental, being based on first principles, and some 
are semi-empirical or heuristic. However, no single theory 
has been applied satisfactorily to a variety of gas-liquid 
systems for the prediction of the gas solubilities in liquids. 
An examination of the literature has revealed several 
good methods for the prediction of the solubility of gas in 
00 
a liquid phase in terms of Henry*s law constant, H^, and for 
the prediction of partial molar volume at infinite dilution, 
00 88 10 3 
V , Miller and Prausnitz, using the free volume theory, -"» 
Ill 
have presented a semi-empirical correlation for the 
prediction of the Henry's law constant for a high pressure 
system with one component well above its critical temperature. 
Only one empirical parameter, K^j* which has been discussed 
in Chapter V and is adjustable for the best agreement with 
the gas solubility data is included in their expression. 
Their results have shown that the agreement of predicted 
values of H^ with the experimental values of H^ is satisfac-
tory. As they indicated, however, a change in Kj2 of O.OA 
can change the predicted Henry's law constant by 20 to 30 
percent. Since K12 is dependent on temperature, this method 
may cause large errors when applied over a wide temperature 
range, 
Another method based on the scaled particle theory * 
107 
for the calculation of H2 and V2 has been presented by 
94 95 46 37 
Pierotti * and used by Heck and Garber, This scaled 
particle theory based on first principles has been used in 
this method to treat a hard sphere model of gas solubility, 
Garber has sucessfully used this method for the helium binary 
00 — c » 
systems and concluded that the values of H^ and V^ predicted 
are in satisfactory agreement with experimental data, and a 
slight modification of this method to fit the experimental 
data gives an excellent agreement between the predicted and 
experimental H2 values. Although this method appears to be 
00 
one of the best methods available for the prediction of H2 
—00 94 95 46 
and V, values, the method employed by Pierotti, * , Heck, 
112 
37 
and Garber draws heavily on experimental data to determine 
the best values of the parameters needed in this method. 
Very recently, Preston and Prausnitz have shown a 
generalized thermodynamic expression for Henry's law cons-
tants based on the statistical mechanics of dilute liquid 
solutions. They have applied this correlation to obtain 
Henry's law constants in 60 nonpolar binary systems and the 
results were found to be quite satisfactory. But since their 
correlation is derived using the empirical two-parameter 
Strobridge equation of state, it may not be applied over a 
wide range of temperature as they recommended. Furthermore, 
it requires the experimental H data to extract the necessary 
parameters for the prediction of Henry's law constants, and 
these parameters have to be determined using the tidious 
graphical procedure, 
125 
Snider and Herrington have developed a method for 
the calculation of the excess thermodynamic functions of 
binary liquid mixtures and also for the problem of the solu-
bility of gases in liquids by applying the hard sphere model 
for fluids. This method has been used in the present work 
CO •"—00 
for the prediction of H2 and V2 values and is discussed in 
detail in the following sections. 
Method of Snider and Herrington 
This method which is based on first principles, is 
94 95 96 basically similar to that given by Pierotti * * except 
that the equation of state for the hard sphere fluid 
113 
= — - x(?) 
pkT 
(VI-18) 
was used in Pierotti*s method, where 
, , (1 + S + S ) 
x̂ e) - a-v^ 
(VI-19) 





Equation (VI-18), which is actually an approximation in 
cloased form for the equation of state for the hard-sphere 
1 0 f. 
fluid, was obtained first from the scaled particle theory 
107 
and later from the solution of the Percus—Yevlck equa— 
133 137 tion for the hard sphere model. -''̂ »-̂ -" Since this hard 
sphere model does not take into account configurational 
internal energy, it can not represent satisfactorily a real 
liquid, 
78 
Longuet-Higgins and Wisdom have proposed a simple 
liquid model which has a finite configurational internal 
energy. By assuming a field of uniform and negative poten-
tial energy for a fluid of hard spheres, they have developed 
an equation of state for this model, which describes quite 
114 
well the thermodynamic properties of argon at its triple 
point. This equation is 
pkT K-̂  
(VI-22) 
where a can be regarded as a measure of the strength of the 
attractive background potential. Equation (VI-22) has been 
successfully applied to the pure liquids of small, non-polar 
125 
molecules. Snider and Herrington have generalized this 
equation to the case of binary mixtures and calculated the 
excess thermodynamic functions of binary mixtures composed 
of simple molecules. The agreement of their results with 
experimental data appears to be quite satisfactory. 
125 
Snider and Herrington have also applied this equa-
(X) —^X) 
tion for the calculation of H and V values for a binary 
system in which component 1, a liquid solvent, is below its 
critical temperature and component 2, a gaseous solute, is 
well above its critical temperature. But, this case they 
concluded that the agreement with experiment was not good 
127 
for the neon-argon system. Later, Staveley pointed out 
that this disagreement was due to their choice of data for 
the neon-argon system and misinterpretation of these data. 
He has recalculated the solubility data for this system and 
proved that this method predicts excellent values of H and 
V°° for the systems shown in Table 9, 
2 ^ 
This method is described in detail in the following 
115 
125 
section. The expressions used in this method are: 
in H2 
pkT = - iln (1 - O + ^X(0 ( - - ) ' + i 
( V I - 2 3 ) 
>< ( 
3C , 2 r , 2 3C . r 
•) ( - ^ ) + 
2 s 2 
[ ( T ^ ) + 7^] -
2a P 
1 2 
1 - C' ' r / 1 - 4 ' ' r / r ^ J " kT 
— «_CXD 
(1 - O 
N A 2 ^ ^ + 4 ^ 2 + 4 ^ - 1 
w ( V I - 2 4 ) 
, _ L _ x r ( l + 2 0 
w =(l-^-X^ f ( l - O^ ^ r / ^ M l - C) ( V I - 2 5 ) 
3 r 2 2 a i 2 P 
+ ( r ^ ) (^) H- 1 ] - - ^ + 1 
The values of the hard sphere diameter r can be ob-
tained from the boiling point data for pure components using 
125 125,127 





- £n (1 - 4) + fC 2 - 4 








The last term in Equation (VI-27) is usually negligible 
except for very low-boiling liquids. Once the values of r 
116 
are determined, the values of parameter a can be calculated 
from Equation (VI-22) using the same boiling point data as 
was used in Equation (VI-26) or (VI-27). In order to deter-
mine the values of a^j* at least one experimental value of 
H*̂  must be forced to agree with Equation (VI-23). Once the 
00 — C O 
values of r and a are known, the values of H^ and V„ are 
12 * 2 2 
readily calculated using Equations (VI-23) and (VI-24). 
125 127 
Snider and Herrington and Staveley have used 
both Equations (VI-26) and (VI-27) to calculate the values 
of hard sphere diameter r and shown that there is not much 
127 difference between these two values. However, Staveley 
pointed out in his paper that the value of r for helium cal-
culated using Equation (VI-26) was 0,6 A which seemed to be 
much too small, whereas that from Equation (VI-27) was 
o 
2.216 A which is reasonable. Thus, the calculation of r 
values in this work is restricted to Equation (VI-27). The 
values of r and a evaluated for the helium—carbon tetra— 
fluoride and helium-chlorotrifluoromethane systems using the 
boiling point data in Table 6 are presented in Table 7 to-
gether with the values of a,,. These a values have been 
extracted by least-square fitting the experimental H^ data 
to Equation (VI-23), In this sense, the method of Snider 
and Herrington used in this work for the prediction of H*̂  
values can be said semi-empirical, though this method is 
firmly based on first principles. The experimental satura-
ted liquid molar volumes given in Table 7 were used for the 
117 
Table 6. Boiling Point Data for Pure Components 
T AHv P 


















54.88"̂ -̂ '̂  
68.67"'" 
Value taken from the Handbook of Physics and Chemistry, 
52nd edition (1971). 
Table 7, Parameters for the Method of Snider and Herrington 
a^ X 10 3 5 a,, X 10 3 7 
(A) (erg cc/molecule) (erg cc/molecule) 
Helium 2.143 




1 . 6 0 6 
2 . 6 3 5 
4 . 6 5 1 
3 . 1 0 6 
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evaluation p which is N./v ,. 
xV O 1 
oo —^co 
Predicted Values of H. and V, for the 
2 2 
Helium-Carbon Tetrafluoride System 
Figure 23 shows a comparison of the calculated and 
experimental values of H for this system. The predicted 
00 
values of Hg are lower than the smoothed experimental values 
of H"̂  given in Table 4 at the lowest temperature by about 20 
percent and higher at the highest temperature by 50 percent 
of the experimental values, giving the best agreement at 
— 0 0 
around 120 K. The smoothed experimental values of V2 pre-
sented in Table 4 are compared in Figure 24 with the pre-
— 0 0 
dieted values of V2. In this case, the calculated values of 
V are consistently by 16 to 33 percent higher than the ex-
perimental values, the difference increasing with temperature 
In both calculations, the values of r and a^^ ^^^^^ ^^ Table 
7 were used. 
P r e d i c t e d V a l u e s of H°° and V°° f o r t h e 
2 2 
Ilelium-Chlorotrifluoromethane System 
In Figure 25, a comparison is made between the calcu-
lated values of K2 and smoothed experimental values of H^ 
taken from Table 5 for the helium-chlorotrifluoromethane 
00 
system. As can be seen in this figure, the predicted H^ 
values are lower than the experimental data at the low tem-
peratures and higher at the high temperatures. These calcu-
lated values of H°° differ from the experimental values by a 
2 "̂  
119 






Predicted values using the 
ethod of Snider and Herrington 
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Figure 23. Comparison of Theoretical and Experimental H2 for 
the Helium-Carbon Tetrafluoride System. 
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Figure 25. Comparison of Theoretical and Experimental H2 
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maximum of 33 percent of the experimental values with the 
00 
best agreement at around 170 K. The calculated values of Vg 
and the smoothed experimental values of V2 from Table 5 are 
shown in Figure 26, The agreement between the predicted and 
— 0 0 
experimental V2 values for this system is in the range of 40 
to 55 percent of the experimental values and the former is 
higher than the latter throughout the temperature range con-
sidered. In this calculation of II2 and V2 values, use was 
made of the r and ai2 values taken from Table 7, 
Discussion of Results 
Since the method is based on the equation of state for 
the hard sphere model, Equation (VI-22), Snider and Herring-
125 
ton have tested this equation by calculating molar volumes 
of the pure components at the temperatures at which the mix-
tures were studied, using the parameters, r and a, extracted 
from the boiling point data of the pure components. Their 
results have shown that In most cases the calculated molar 
volumes were within five percent of the experimental values. 
As would be expected, the discrepancies between calculated 
and experimental values were greatest at the temperatures 
farthest from the boiling point. 
This equation has also been tested in this work, and 
the molar volumes of carbon tetrafluoride and chlorotrifluo-
romethane are calculated at the temperature of interest 
using the values of r and a determined from the boiling 
point data and given in Table 7, These results are pre-
124 
sented in Table 8 along with the experimental molar volumes. 
125 The same trend found by Snider and Herrington is shown in 
these results. The closest agreements are shown at the tem-
peratures near boiling point of the pure components and as 
temperature differs from the boiling point, the discrepancies 
between calculated and experimental molar volumes become more 
pronounced, giving a maximum of 2,6 percent difference for 
carbon tetrafluoride and 2,8 percent for the chlorotrifluo-
romethane. In other words. Equation (VI-22) is quite satis-
factory in representing the pure liquid molar volumes of 
these components over the temperature region of this work. 
12 7 Recently, Staveley has applied the method of Snider 
oo — o o 
and Herrington for the calculation of H2 and Vj for the 
systems of neon-argon, hydrogen-nitrogen, helium-methane, 
and helium-hydrogen. The values of r used in his calcula-
00 — ^ O 
tions for the values of H^ and V2 were determined from both 
Equations (VI-26) and (VI-27), and accordingly two sets of 
00 — 0 0 
each H^ and V^ values were obtained. These results are 
presented in Table 9. The values of a^^ used in his work 
were obtained from Equation (VI-23) using an experimental 
value of H^ at one temperature, and with this a^^ value, 
00 — 0 0 
the values of H^ and V^ were predicted at one other tempera-
ture. For the molar volumes of the pure liquid necessary for 
the evaluation of Equations (VI-23) and (VI-24), Staveley 
used the calculated values from Equation (VI-22) , not the 
125 
Table 8, Molar Volumes of the Pure Liquid 
Components at Saturation 
Substance T, K V, cc/gm mole Percent 
Experimental Calculated Using Difference 
Equation (VI-22) 
Carbon 106.01 48.69 
Tetra- 117.33 50.21 




Chlorotri- 145,21 61.85 
fluoro- 163.01 64.20 






4 7 . 4 2 
4 9 . 4 4 
5 2 . 2 6 
5 5 . 3 2 
5 8 . 6 9 
6 1 . 4 1 
6 0 . 1 4 
6 3 . 2 2 
6 6 . 3 7 
6 9 . 5 4 
7 2 . 7 7 
7 5 . 1 3 















Although there are some minor differences between the 
127 
method of Snider and Herrington used by Staveley and that 
used in this work, these two methods are essentially identi-
oo 
cal. As can be seen in Table 9, the predicted values of II2 
po 
and V2 are in quite satisfactory agreement with the experi-
mental values except for the helium-hydrogen system, for 
which the predicted H"̂  value seriously exceeds the experi-
mental value. This is,as Staveley stated, probably due to 
the quantum effects for both components, which in turn 
suggest this method may not reliable for the binary systems 
in which both components exhibit quantum effects. 
126 
Table 9. Comparison of Predicted and Experimental 
CO ^-OO 
H and V for Some Binary Systems 









— C O 
Va ^ (calc) 
(exp) (cc ./mole) 
(cc/mole) a b 
20-30-'--̂ ° 29 30 
40-50^^° 51 53 
































15,25 1283 131 3454 
a Values evaluated using r values calculated from 
Equation (VI-26) 
b Values evaluated using r values calculated from 
Equation (VI-27) 
Experimental H substituted in Equation (VI-23) 
to obtain a 
1 2 
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The results presented in Figures 23 through 26 show 
that this method generally represents the H"̂  and xTJ values 
for the helium binary systems of this work with reasonable 
accuracy. The agreement between the predicted and experi-
00 
mental H2 values is best at temperatures 20 to 25 K below 
the normal boiling point of condensed components and as 
temperature decreases or increases from this point, the 
00 
predicted values of H2 differ from the experimental values, 
showing a slight temperature dependency of ai2 value. The 
ai2 values extracted from the experimental data of U^ (see 
'"""'OO 
Table 9) were used to obtain V. values from Equation (VI-24), 
CO 
These calculated V values agree with the experimental data 
within 16 to 55 percent of the experimental values, which 
bears out the validity of this method in predicting the 
00 —<o 
values of Ĥ , and V^ for the systems considered in this work, 
125 
As stated by Snider and Herrington, although this 
method was originally developed to describe the thermodynamic 
properties of the binary mixtures whose components are small, 
nonpolar spherical molecules, this method has been success-
fully used in reproducing experimental values of various 
thermodynamic quantities for the binary systems whose liquid 
components consist of nonspherical molecules such as oxygen, 
nitrogen, and carbon monoxide. They pointed out that this 
is so because these molecules as liquids very nearly obey 
the same equation of state as do the liquified rare gases 
and therefore can be treated as spherical molecules. They 
41 
128 
also pointed out that their method could not predict satis-
factorily the experimental results for the larger molecules 
such as carbon tetrachloride and neopentane despite of their 
9 2 high symmetries. O'Connell and Prausnitz and Sherwood and 
116 
Prausnitz have shown that carbon tetrafluoride molecules 
can be treated as spherical molecules in the calculation of 
transport properties and second and third virial coefficients 
using Kihara potential. The nearly spherical or quasi-spheri-
cal nature of chlorotrifluoromethane molecules has been 
12 
successfully used by Brandt for the calculation of inter-
molecular force cbnstants from polarizabilities• Also, carbon 
tetrafluoride and chlorotrifluoromethane molecules are not 
so large as to behave like carbon tetrachloride and neopen-
tane. The above discussion, together with the fact that 
Equation (VI-22) represents quite satisfactorily the molar 
volumes of the liquid carbon tetrafluoride and chlorotri-
fluoromethane as shown in Table 8, strongly supports the use 
125 
of the method of Snider and Herrington for the calculation 
of the Hg and Vj values for the helium-carbon tetrafluoride 
and helium-chlorotrifluoromethane systems. 
129 
CHAPTER VII 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
Equilibrium gas and liquid compositions for the 
helium-carbon tetrafluoride system have been measured at 
pressures up to 120 atmospheres with an interval of 20 at-
mospheres along six isotherms of 106,01, 117.33, 132.18, 
147.10, 162.03, and 173.02 K. The estimated accuracy of the 
experimental gas and liquid phase equilibrium compositions 
is ±2 mole percent. Also measured are gas and liquid phase 
equilibrium compositions for the helium-chlorotrifluoromethane 
system at seven temperatures of 1A5.21, 163.01, 180.02, 
196.01, 211.06, 221.27 and 231.08 K and pressures up to 120 
atmospheres with an estimated accuracy of ±3,5 mole percent 
for the gas phase composition and ±2 mole percent for the 
liquid phase composition. 
In constructing the chromatographic calibration curve, 
a gas imperfection correction of 1,1 mole percent was applied 
for the helium-chlorotrifluoromethane mixtures. For the 
helium-carbon tetrafluoride gas mixtures this correction was 
0.4 mole percent. Therefore, it is apparent that the gas 
imperfection correction must be taken into account even at 
room temperature and pressure. 
130 
The Lennard-Jones and Kihara core potential parameters 
were extracted from the experimental second vlrial coeffi-
cient data of chlorotrifluoromethane. These results and the 
1 1 fi 
results of Sherwood and Prausnitz showed that the Kihara 
core potential is superior to the Lennard-Jones potential in 
representing the second virial coefficients of carbon tetra-
fluoride and chlorotrifluoromethane• In the extraction of 
the Kihara parameters, the spherical core model was assumed 
for these molecules. 
The theoretical models, LJCL, Kill, KIHCK12, KIHEK12, 
BWR (LORENTZ), and BWR (LINEAR) (see Chapter IV), have been 
used to extract the interaction second virial coefficient, 
Bi2» from the phase equilibrium data obtained in this work 
for the helium-carbon tetrafluoride system and only four 
models, LJCL, KIU, KIHCK12, and KIHEK12 for the helium-chloro-
trifluoromethane system. The B^g values extracted for the 
helium-chlorotrifluoromethane system are all positive and 
greater than those for the helium-carbon tetrafluoride 
system at the same reduced temperatures. The experimental 
B^^ values for these systems, as expected, have shown a 
strong temperature dependency and theoretically predicted 
Bj- values have also shown this trend. Of all the theoreti-
cal models, the KIHEK12 model has predicted the best B^^ 
values for both systems considered. The agreement of the 
predicted values from LJCL model with the experimental B^^ 
data was also quite satisfactory, a maximum discrepancy being 
131 
6 percent of the experimental value. No theoretical model 
was successful in predicting the B values in the tempera-
59 ture range of 300 to 770 K for the helium-carbon tetra-
fluoride system. 
The values of the correction factor, K (see Chapter 
* 12 ^ 
IV), to the geometric mixing rule for the Kihara core model 
have been extracted from the experimental B data for the 
helium-carbon tetrafluoride and helium-chlorotrifluoromethane 
systems and compared with the calculated values of K using 
the correlation given by Hiza and Duncan. Although several 
o T c r\ c "I 
investigators * * have shown that this correlation has 
predicted the K values in satisfactory agreement with ex-
perimental values for various binary systems, the same corre-
lation was unable to predict the correct K values for the 
^ 12 
present systems. Accordingly, the B values predicted using 
K values from the correlation of Hiza and Duncan differ 
1 2 
considerably from the B values extracted using the experi-
mental K values. These experimental K values have also 
12 ^ 12 
shown a slight temperature dependency. 
The same theoretical models as used to compute the B 
values have been used to predict the enhancement factors for 
the helium-carbon tetrafluoride and helium-chlorotrifluoro-
methane systems. It is shown that the model which predicts 
the best B,„ values also predicts the best enhancement factors 
12 '^ 
As expected, the enhancement factors calculated using the 
132 
KIHEK:i2 model î ere in the best agreement with the experimen-
tal data of this work. The LJCL model also predicted quite 
satisfactory values except at the highest temperatures con-
sidered for these systems. The enhancement factors predicted 
using the KIH model were generally much higher than the 
experimental data. The failure of the correlation given by 
lliza and Duncan to predict satisfactory K values resulted 
in poor agreement of the enhancement factors calculated using 
the KIHCK12 model with the experimental values. Benedict, 
et al., Mullins, and Garber have shown that the BWR 
(LINEAR) model is better than the BWR (LORENTZ) model in 
predicting phase equilibrium data. Contrary to this, for 
the helium-carbon tetrafluoride system it was found that the 
BWR (LORENTZ) model predicted enhancement factors which are 
in better agreement with experimental values than those pre-
dicted using the BWR (LINEAR) model. All theoretical en-
hancement factors as well as experimental enhancement factors 
showed a minimum in the enhancement factor versus temperature 
curves as has been observed for a number of other helium 
binary systems. This means that the predicted enhancement 
factors using the theoretical models used here are at least 
qualitatively correct. 
CX) —~00 
The experimental H2 and V2 values were extracted from 
the phase equilibrium data of this work for the helium-carbon 
tetrafluoride and helium-chlorotrifluoromethane systems using 
7 3 
the Krichevsky-Ksarnovsky equation. A theoretical predic-
133 
tion of H2 and V'J values for these systems was made using 
12 5 the method of Snider and Herrington based on hard-sphere 
CO »—00 
model of fluid. These theoretical H2 and Vg values agreed 
with the experimental values within 55 percent of the experi-
00 
mental values. The predicted II2 values were higher than the 
00 
experimental H2 values at higher temperatures and lower at 
lower temperatures, giving the best agreement in between, 
— 0 0 
The theoretical V2 values were always higher than the experi-
mental values throughout the temperature range considered. 
Considering the simplicity of this method, this method is 
00 — 0 0 
excellent in representing H2 and V2 values for the binary 
systems of components whose molecules are small and either 
nonpolar or slightly polar. 
Recommendations 
Several recommendations for future work concerning 
to phase equilibria are summarized in the following. 
1. It is recommended that the temperature range of 
this work be extended to higher temperatures so that a maxi-
mum on the experimental enhancement factor isobar curve at 
20 atmospheres can be seen. For this purpose, it is necessary 
to install a recirculation system for the gas from the gas 
sample line to the lower inlet line leading to the equili-
brium cell. The qualitative representation of the enhance-
ment factors by the theoretical models used in this work 
can be checked on the ground of this maximu. 
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2. Sherwood and Prausnltz have shown that the 
experimental second and third virial coefficient data of 
carbon tetrafluoride are best represented by the exp-6 po-
tential. Hence, it is worth while testing this exp-6 poten-
tial for the prediction of phase equilibrium data for the 
helium-carbon tetrafluoride system. 
3. The experimental values of the correction factor, 
Kj2> ^ox the geometric mixing rule applied for the mixture 
energy parameter of the Kihara core potential differs greatly 
from the K^g value calculated from the correlation of Hiza 
and Duncan for the systems of this work. In this Kihara 
core potential model, the third virial coefficient of the 
condensed phase was calculated using the method of Chueh and 
18 
Prausnitz which sets all C^^^ values equal to zero in the 
temperature range of this work (T < 0.8). As shown by 
R1*— 
Sherwood and Prausnitz, ' the third virial coefficients 
predicted using the Kihara potential are in much better 
agreement with the experimental data than those predicted 
from the Lennard-Jones (6-12) potential for carbon tetra-
fluoride in the temperature range of 270 to 670 K. Thus, 
these Kihara third virial coefficients are recommended for 
the condensed component in the extraction of K^^ value to 
see the dependency of K^^ value on the Cj^j values and the 
difference between this K^^ value and that calculated from 
the correlation of Hiza and Duncan. Neither of the Kihara 
18 
potential nor the method of Chueh and Prausnitz for the 
135 
calculation of C values can be said to be superior since 
no experimental third virial coefficient data in the tempera-
ture range of this work were available for carbon tetrafluo-
ride and chlorotrifluoromethane, 
4. Since there are no experimental virial coefficient 
data available for carbon tetrafluoride and chlorotrifluoro-
methane in the temperature range of this work, it is recommen-
ded that the second and third virial coefficients in this 
temperature range be extracted from the available P-V-T data 
or the equation of state which represents the P-V-T data for 
16 1»32 
carbon tetrafluoride and chlorotrifluoromethane, These 
virial coefficients can be compared with those predicted from 
the Lennard-Jones potential, the Kihara core potential, and 
BWR equation of state. 
5. Although there are no comments on the temperature 
dependency of the parameter a in the method of Snider and 
• I O C 
Herrington for the prediction of H°° and V*̂  values in the 
papers of Snider and Herrington and Staveley, this 
parameter appears to be slightly dependent upon temperature 
in this work. It would be interesting to apply this method 
3 7 to the various binary systems shown in Garber's thesis and 
see if this a. parameter is also dependent upon temperature 
in those systems. 
94 95 
6. Although the Pierotti method * requires more 
experimental data than the method of Snider and Herrington 
to determine the best values of the parameters needed for 
136 
the calculation of H^ and V^ values, it is worthwhile compa-
ring these two methods. Of these parameters necessary for 
the Pierotti method, the hard sphere diameter of solvent 
oo 
molecule plays an important role in the prediction of H2 and 
— 0 0 
V2 values. To extract this hard sphere diameter of solvent 
00 
molecules for one binary system from experimental H2 values, 
00 
it is necessary to have the experimental H^ value for another 
system with the same condensed component at the same tempera-
ture. Thus, the study of the phase equilibria in binary 
systems such as hydrogen-carbon tetrafluoride and hydrogen-






TEMPERATURE SCALE USED AND CORRECTIONS 
FOR PRESSURE GAUGES 
A platinum resistance thermometer, Leeds and Northrup 
68 
Company, Serial Number 1583528, previously used by Kirk, 
90 77 37 
Mullins, Liu and Garber was used in all temperature 
measurements of the phase equilibria in this work and has 
been calibrated by the U.S. National Bureau of Standards on 
the International Practical Temperature Scale of 1948. All 
temperatures in this work were converted from IPTS-48 to 
3 
IPTS-68 based on the paper of Barber and are reported on 
the Kelvin scale, according to the following relation. 
T(K) « 273.15 + t C O + (t C O - t C O ) 
>» 8 6 8 t» B 
The two pressure gauges, low and high, used in this 
6 8 
work were originally calibrated by Kirk against a dead 
weight tester and recently have been recalibrated by Garber 
37 
using the vapor pressures of argon and carbon dioxide. 
As a quick check on these pressure gauges, the low and high 
pressure gauges were pressurized from 40 to 540 psi and de-
pressurized from 540 to 0 psi, and the difference between 
the two gauge readings were recorded. The average differ-
ence of these readings was found to be 10.0 psi compared 
139 
37 with that of 9,7 psi found by Garber. Neglecting this 
37 small difference between the two average values, Garber*s 
correction to both gauges were used in this work without 
further check, that is, an addition of 10 psi to high 
pressure gauge and 1 psi to the low pressure gauge. 
lAO 
APPENDIX B 
HELIUM-PROPYLENE SYSTEM MEASUREMENTS 
At the beginning of this research one of the isotherms 
of the helium-propylene system previously studied by Garber 
37 
was reproduced to check the operation of the phase equili-
brium apparatus and to acquire some operating technique. Six 
equilibrium gas and liquid phase compositions at six differ-
ent pressures at 200.01 K were measured. The results are 
shown in Figures 27 and 28 together with the data of Garber. 
37 
It can be seen that the experimental data so obtained 
agree within ±3 percent with the selected curve of Garber, 
Garber's calibration curve was also checked by 
running several gas mixtures on the 154D gas chromatograph. 
Those mixtures were made using the gas mixing burette built 
by Kirk. The agreement of these results with Garber's was 
within the experimental error claimed by Garber. 
Both of these experiments confirmed that the phase 
equilibrium apparatus and gas mixing burette were not only 
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APPENDIX C 
EXTRACTION OF KIHARA POTENTIAL PARAMETERS FROM 
EXPERIMENTAL SECOND VIRIAL COEFFICIENT DATA 
Lack of the Klhara potential parameters for chloro-
trlluoromethane required that a least squares program be 
made for the extraction of these potential parameters from 
experimental second vlrlal coefficient data. 
In evaluating Klhara potential parameters from second 
vlrlal coefficient data, the method described by Sherwood 
and Prausnltz was closely followed. The basic Idea Is to 
determine the three potential parameters by automatic compu-
tation using the least squares criterion and minimizing the 
rms deviation between experimental and calculated second 
vlrlal coefficients. The method Is then as follows. Equa-
tion (IV-30) Is first put Into the following form assuming 
a spherical core of diameter 2a and using the relations 
X 
M » ATTa, S - AiTâ .V - •=- Tra\ and P̂  - 2^ (a-2a) : o o o 3 * o 
1 1 1 
(B ) - b [ 2'̂ F + 3(2"̂ ) a*F + 3(2*̂ ) a^F 
K 1 o 3 2 1 
(C-1) 




Equation (C-1) becomes 
1A4 
2a 
a - 2a 
(C-2) 
b - 1 irN a^ 




2' F + 3(2') a*F + 3(2') a*'F + a*' 
3 2 1 
(C-4) 
* v 3 
^"Vi" ^Vi <' *" > (C-5) 
^''Vi b (B") o K i (C-6) 
Equations (C-1) and (C-6) have three adjustable parameters, 
it 
a , U /k, and b • A least squares procedure used by Ziegler 
o o 
139 and Mullines is applied to Equation (C-6) for a fixed 
it 
value of a • 
The residue is defined, after dropping the subscript 
K for convenience's sake, as 
R - BB - BB 




BB « B (1 + a*)^ (C-8) 
and B is the experimental second virial coefficient at the 
temperature T . 
i 
Conditions of the least squares assumption for n data 
points are 
n 
^ ̂  ( ^ R ' ) (C-9) 
o i = l 
and 
3(U^/k) ^ / , ^l> 
o i = l 
(C-10) 
Subsitituting Equation (C-7) into Equations (C-9) and (C-10), 
the following results are obtained. From Equation (C-9) 
g " 2 2 
7-r- [ I (BB_, - 2BB RB, + BB, ) ] = 0 
O D 1 1 1 i 




i = l 
E B' 
i = l 
(C-12) 





(BB - b B*) [b ] ] 
i 0 1 o o ( U / k ; 
(C-13) 
Differentiation of Equation (C-4) with respect to U /k 
(see Equation (IV-31) for F^, F^, and F^) gives 
9B 7 U .1 U 61 + 3 
a(u^/k) 
(J^y I [ ( i i + J.) b , (—^) 12 ] + 3 (c-14) 
i«o 12 
3 kT 
^ or' * r r ,6j_ + 2. , -̂  , O. 12 f U _| n 
X (2 ) (-̂ )a* 2: [( 
J=o 
12 -̂  ̂ 2(kT7> 
1 U _/ 
T. , O ' *2 
U 6i + lx J , o.llt 6i+ 1 + 3(2^)(-^)a E [(-^_^) b (_-)--T^] 
Defining G as 
* ^ z [(6j t ^ ) b ^ ; ^ ) " " " ^ 0. =2 
.1=0 
12 3 '^kT 
6 j + 3 
] + 3(2') (C-15) 
.1 U 
6 J -̂  2 
* - -6.1 + 2x ^'/ O . 12 , . .,„T, 
X a" Z [(^^-^^~-^) b , ( ^ ) 
j=o ^^ ^'i 
] + 3(2") 
*^ T̂  r/61 + IN U-* <> O N 12 , 
X a Z [<--L_2 ^ ^1 ̂ kT~^ ^ 
j=0 •̂ '̂  1 K i ^ 
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The following eauation is obtained 
9B* IJ _| 
8(U„/k) ^ k^ ''i 
(C-16) 
h I B, 
o . - i 
* 2 
I BB B^ 
1=1 ^ 1=1 ^ ^ 
(C-17) 
Substitution of Equation (C-16) into Equation (C-13) plves 
U -I n 
b^(-^) E 
o k 
1 = 1 
(BB, G*) - b (-^) l B: n 
U -in _o ' 
k 1 ^̂ 1 
(C-.18) 
1 = 1 
Simplifying Equation (C-18), multiplying both sides by 
n *2 
^ B. , and making use of Equation (C-17), the following 
equation is obtained. 
" * iic " it n it " ^2 
2 (B^ G.) 2 (BB. B.) - I (BB^ G.) I B. 
i = l 1 1 1=1 1 1 1 = 1 ^ 1 1=1 1 
(C-19) 
Equation (C-19) has only two parameters, U /k and a . 
The three Klhara potential parameters were now eva-
luated as follows. For a fixed value of a a value of ^^/^ 
is found by iterative solution of Equation (C-19), Equation 
(C-12) is then used to obtain a value of b corresponding to 
it 
these values of a and U /k. The optimum set of values of 
it it 
a , UQ/k and b^ is now determined by varying a in discrete 
steps until the rms deviation between the calculated 
148 
and experimental second virial coefficients passes through 
a minimum. 
The computer program for carrying out the above pro-
cedure was tested by extracting the Kihara parameters for 
carbon tetrafluoride using the experimental second virial 
30 
coefficient data of Douslin, et al. The values of the 
ju O 
parameters found were a « 0.51, a = 4.311 A and U^/k « 
292.3 K corresponding to an rms of 0.077 cc/mole. The 
values of U /k and b were found not to be very sensitive 
o o 
JL 
to the value of a . Using the same rivial coefficient data 
115 * 
Sherwood and Prausnitz reported values of a = 0.50, 
a = 4.319 A and U^/k = 289.7 K. 
* 115 
Sherwood and Prausnitz remark that a well-defined 
single minimum is always obtained for the Kihara poten-
tial by this method. In the extraction of the Kihara 
parameters for chlorotrifluoromethane in the present 




COMMENTS ON THE CALCULATION OF THE REDUCED VIRIAL CO-
EFFICIENTS BASED ON LENNARD-JONES (6-12) POTENTIAL 
The reduced classical virial coefficient functions 
for the Lennard-Jones (6-12) potential are discussed in 
49 
detail by Hirschfelder, et al. Since there are several 
different evaluations for the reduced virial coefficients, 
there has to be some remark in selecting them. 
it 
The reduced second virial coefficient, B , is ex-
CL 
pressed as follows: 
^CL^^ > 
E b^^^ (T*) - ^'^'^^^' 
j-o 
(D-1) 
Since the right hand side of the Equation (D-1) is the sum 
of an infinite series, for the practical purpose it is trun-
cated after first forty-one terms. The first forty-one 
values of b (see Equation (17-27)) are given by Hirsch-
49 68 
felder, et al. and Kirk has recomputed these values. 
These two sets of b values agree well with each other 
(16) 
except for the value of b 
.5 
at which Kirk's claculation 
.s 
shows - 0.3386316 x lo compared to - 0.33872440 x 10 
49 (1) computed by Hirschf elder, et al. The b ̂-̂  ' values computed 
by Kirk have been used in this work. 
150 
The reduced third virial coefficient for the Lennard-
Jones (6-12) potential has been evaluated by de Boer, et al.» 
") (\ 89 11 
Montroll, et al, and Bird, et al. using their expres-
66 
sions for the third virial coefficient, and Kihara, Ber-
geon, and Rowlinson,et al, by calculating c values 
as shown in Equation (D-2), All of these are compared in 
Figure 29 except that calculated by Bergeon. 
26 
De Boer, et al. calculated the third virial coeffi-
cient by integrating graphically their expression derived 
89 from the pair distribution function, while Montroll, et al. 
performed a numerical integration for their integrals which 
26 
are mathematically equivalent to those of de Boer, et al. 
The results of these two methods are somewhat different as 
shown in Figure 29. Bird, et al. have evaluated their 
expression for the third virial coefficient with great accu-
racy by means of punched card techniques. This evaluation 
seemed to be most precise. 
66 110 10 ^ ^ 
Kihara, Rowlinson, et al., and Bergeon used the 
same expression for the reduced third virial coefficient, 
namely. 
* * ~ (1) * - (l+j)/2 





In the calculation of C (T ), Kihara evaluated the first 
eighteen values of c^ , Rowlinson the first twenty-one, 
it it 




Comparison of BJT (T*) and C ^ L ( T * ) Values Calcu-




Temperature No, of Terms Percent No. of Terms Percent 
Used in Difference Used in Difference 



















0.000000 First 17 
0.014907 II 15 
0.000000 II 17 
0.002430 II 15 
0.000000 II 17 
0.000595 II 15 
0.000000 II 17 
0.000192 II 15 
0.000000 II 17 
0.000074 II 15 
0.000000 II 17 
























a Percent difference between the sums of the first forty-
one terms and the given number of terms (based on the 
Kirk's b(Ji) values) in the second column. 
b Percent difference between the sums of the first eighteen 
terms and the given number of terms (based on the Kihara's 
c^J' values) in the fourth column. 
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De Boer^ et al. 
Bird, et al. and Kihara 
Rovlinson, et al. 
De Boer, e t a 1. 
Montroll, et al. 
.ol I 1 
3 
kT/E 
7 8 9 10 
Figure 29. Comparison of Calculated Curves of the reduced 
Third Virial Coefficient by Different Investigators. 
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the Klhara's £lrst eighteen values of c are in excellent 
agreement with those calcuated by Bird, et al. The first 
eighteen values of Klhara for c were selected for use In 
this work and the remaining terms were truncated. 
* * 
A comparison is made in Table 10 between the B (T ) 
v« JL 
A it 
values used in the present work and B (T )values calculated 
\j LI 
using the first 15 and 30 terms in the infinite series in 
Equation (D-1). As can be seen in Table 10, the sum of the 
if it 
first 15 terms represents the B (T ) value of this work 
CL 
quite satisfactorily. A similar comparison is also shown in 




CALIBRATION OF GAS CHROMATOGRAPHS 
General 
Two chromatographs, the Perkin-Elmer vapor fracto-
meter 15AB and 154D were used to analyse the gas and liquid 
compositions, and all of the chromatographic analyses were 
based on the peak heights. 
Prior to starting the actual calibration, the approxi-
mate composition range of the equilibrium gas and liquid 
phases was determined to find the right column and reasona-
ble conditions for the column. The approximate composition 
range of the gas phase was calculated using LJCL model (see 
Chapter IV) and assuming that the condensed phase Is pure. 
For the liquid phase two experimental points, one each at 
the highest and lowest temperatures were actually run to 
determine the approximate composition range. A column and 
carrier gas were simultaneously determined by considering 
the required time for each anaysls, separation of the 
peaks (If there Is mroe than one), stable base lines on 
both sides of the peak to be analysed and width and symmetry 
of the main peak. After the column was chosen, the variables 
such as detector voltage, recorder voltage, gas sample size, 
recorder chart speed, oven temperature and flow rate of the 
155 
carrier gas were adjusted so that the optimum condition for 
the calibration were obtained. 
As a first step in the calibration, a standard 
bottle of approximate composition was made for each chroma-
tograph attenuation switch used such that its peak height is 
about three-quarters of the width of the recorder chart paper 
Initially, several peak heights for each standard bottle 
were measured in less than two hours so as to minimize the 
possible drifts in the chromatograph during these measure-
ments. The average peak height of each standard bottle was 
later used to correct any drifts in the chromatograph during 
the calibration and the phase equilibrium measurements. The 
correction for the sample peak height was done by analysing 
the sample and the corresponding standard bottle one after 
the other and changing the sample peak height by a propor-
tional amount to the ratio of the original peak height to 
the peak height of the standard bottle at the time of the 
analysis. 
The samples of the gas mixtures with known composi-
tions for the calibration were made using a gas mixing 
68 
burette built by Kirk, These samples contained two com-
ponents, one to be analysed and a second. Nonideality of 
gases was taken into account for all gases in calculating 
the compositions of the samples by using the second virial 
coefficients. The calibration points were plotted h*s vs 
156 
h»s/y on semi-log paper as shown in Figures 30, 31, and 32, 
where h is the corrected sample peak height, s is the factor 
of the attenuation switch, and y is the composition of the 
minor component of a sample. To determine the composition 
of the known sample during the gas-liquid runs, the corrected 
peak height of that unknown sample was multiplied by the 
corresponding attenuation factor and that product was read 
on the calibration curve which had been drawn through the 
calibration points by eye. 
Analysis of Carbon Tetrafluoride in Helium 
The calibration curve for the carbon tetrafluoride in 
helium in the gas phase was obtained using a 154D chromato-
graph and is shown in Figure 30, The composition range in 
the calibration was from 0,03 to 20 mole percent and to 
cover this, nine standard bottles were required. 
Initially, three peak heights for each standard bottle 
were measured and the average value of these peak heights 
were used to correct any drifts in the chromatograph. All 
of these measurements were done in around two hours, and the 
net maximum correction for these peak heights to a datum 
temperature and pressure due to the change of ambient condi-
tions during these measurements was less than ±0.035 mole 
percent which was neglected. 
The room temperature and barometric pressure were 










±1.5^ Error Pange 
O Original Calibration 
£^ Check points After 
Completion of Gas-Liquid Runs 
•57^5 5^ 2250 2500 -2 3500 
(h's/y) X 10 
Figure 30. Calibration Curve of Carbon Tetrafluoride in Helium, 
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imperfection correction of 0,35 mole percent based on the 
average room teipperature and barometric pressure during the 
calibration was made for the carbon tetrafluorlde and 0.05 
mole percent for the helium In calculating the composition 
of the gas mixture, A smooth curve was drawn through the 
calibration points and all points were within ±1.5 mole 
percent from this curve. After completion of the phase 
equilibrium measurements, four additional calibration points 
were made. These are shown In Figure 30, 
The operating conditions of the 15AD for this system 
are given In Table 11, 
Analysis of Chlorotrlfluoromethane In Helium 
The composition range of the calibration of the 
chlorotrlfluoromethane In the gas phase was around 0,04 to 
23 mole percent and the calibration curve Is shown In Figure 
31, Nine standard bottles were required to cover this com-
position range. For the samples of the gas mixtures prepared 
by using the gas mixing burette, the correction of 1,06 mole 
percent for the gas imperfection based on the average room 
temperature and barometric pressure during the calibration 
was made for the chlorotrlfluoromethane and 0,05 mole percent 
for the helium in calculating the composition of the samples. 
The uncertainty of the calibration curve was about 
±3 mole percent throughout the composition range and was 
again proved by making three additional points after comple-
159 
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Figure 31. Calibration Curve of Chlorotrifluoromethane in Helium. 
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tion of the gas-liquid runs. The 154D chromatograph was 
used for this analysis and its operating conditions are given 
in Table 11. 
Analysis of Helium in Carbon Tetrafluoride 
and Chlorotrifluoromethane 
For this analysis the 134B chromatograph was used and 
its operating conditions are given in Table 11. As the pur-
pose was to analyse the helium composition in both systems, 
only one calibration curve was made in the composition range 
of approximately 0.16 to 6.9 mole percent of helium in carbon 
tetrafluoride and seven standard bottles were required to 
cover this composition range. The gas mixtures were also 
prepared using the gas mixing burette and the same amount of 
gas i«perfection correction for both components as stated 
earlier was made in the calculation of the composition of the 
samples. The calibration curve is shown in Figure 32 toge-
ther with ±1.5 mole percent error range and six additional 
calibration points, three after completion of the phase 
equilibrium measurements in the helium-carbon tetrafluoride 
system and three after completion of the helium-chlorotri-
fluoromethane system. 
To separate helium from carbon tetrafluoride and or 
chlorotrifluoromethane wide enough to have a stable base 
line after the helium peak, it was necessary to install a 
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Figure 32. Calibration Curve of Helium in Carbon Tetrafluoride 
and Chlorotrifluoromethane. 
Table 11, Operating Conditions of Chromatograph 
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Sample Size, cc 
Oven Temperature, C 
Pressure inside 
Column, psig 
Flow Rate, cc/min 
at Room T and P 




154B 15AD 15AD 
Molecular Silica Gel Silica Gel 
Sieve 5A 
Argon Helium Helium 
1 1 1 
10 16.4 16.4 
















These voltages caused a deflection of 95 divisions on 
the recorder chart. 
between the sample valve and the main column in the oven. 
Extreme care was taken not to introduce any trace of the 
chlorotrifluoromethane into the main column during the ex-




SUMMARY OF EXPERIMENTAL PHASE EQUILIBRIUM 
DATA FOR THE HELIUM-CARBON TETRAFLUORIDE 
AND HELIUM-CHLOROTRIFLUOROMETHANE SYSTEMS 
In Tables 12 and 13 the complete experimental data 
of phase equilibria for the helium-carbon tetrafluoride and 
helium-chlorotrifluoromethane systems are shown and these 
tables present the compositions of the gas and liquid phase, 
together with the corresponding temperatures and pressures. 
Six isotherms for the helium-carbon tetrafluoride system in 
the temperature range from approximately 106 to 173 K and 
seven isotherms for the helium-chlorotrifluoromethane system 
ranging from around 145 to 231 K were measured. The data 
are presented in the order in which they were measured. 
The samples are designated by four characters mixing 
letters and numbers in the first column in the tables. The 
first letter G or L represents the gas phase or liquid phase, 
the first number designates the sequential pressure setting, 
the second letter indicates the isotherm investigated and 
the second number is assigned sequentially to the samples 
taken at each pressure point. 
All temperatures are in the IPTS-68 (see Appendix A) 
and the conversion factor of 14.696 was used to convert 
pressures in psia to those in atmospheres. The temperature 
164 
assigned to the gas and liquid samples was the average of the 
maximum and minimum temperatures indicated by the platinum re-
sistance thermometer during the analysis of the gas and liquid 
samples at each pressure setting, and is shown together with 
the drifts. The temperature (indicated by the platinum re-
sistance thermometer) control of the equilibrium cell was 
always maintained within ±0,02 K and the maximum of the 
temperature gradients along the cell was 0.03 K in the 
helium-carbon tetrafluoride system and 0.02 K in the helium-
chlorotrifluoromethane system. These differences were neg-
lected in assigning the equilibrium temperatures to the gas 
and liquid samples since these small temperature gradients 
change the enhancement factors less than 0,2 percent and the 
liquid compositions less than only 0.1 percent. 
The uncertainty of gas phase equilibrium data for the 
helium-carbon tetrafluoride system is estimated to be within 
±2.0 percent o£ the experimental values and ±3,5 percent for 
the helium-chlorotrifluoromethane system. Liquid phase equi-
librium data for both of these systems have the experimental 
uncertainty of ±2,0 percent. Since the experimental uncer-
tainties are such as given above, the last number in the 
numerical values of 0 and x^ in Tables 12 and 13 is meaning-
less but included for the purpose of internal consistency in 
the numerical calculation. 
The normal flow rate used throughout these experimental 
measurements was 100 cc/hr at the cell temperature and 
pressure except in the case of the specified measurements. 
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Table 12. Experimental Gas and Liquid Phase Equilibrium 
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2 . 0 4 9 
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8 0 . 0 5 
8 0 . 0 5 
8 0 . 0 5 
8 0 . 0 5 




































S e l e c t e d 106.01 59.70 1.524 0.4892 
Table 12. (Continued) 
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Sample T • K P , atm P , , a t m lOOy^ 0 100x2 
:^o. \j 1 mole % mole % 
G7A3 106 . 0 0 0 39.86 0.01925 0.06400 1.325 
G7A4 ±0 .005 39.86 0.01925 0.06346 1.314 
G7A5 39.86 0.01925 0.06419 1.329 
L5A1 3 9.86 0.3245 
L5A2 39.86 0.3235 
Selected 106 .00 39.86 1.323 0.3240 
G8A4 106 .00 3 19.9 2 0.01926 0.1121 1.160 
G8A5 ±0 0 09 19.92 0.01926 0.1123 1.162 
G8A6 19.92 0.01926 0.1114 1.152 
L6A1 19.92 0.1644 
L6A2 19.9 2 0.1652 
L6A3 19.92 0.1657 
Selected 10 6 .00 19.92 1.157 0.1651 
GIB 3 117 .323 19.85 0.08271 0.4727 1.134 
GlliA ±0 .014 19.85 0.08271 0.4730 1.135 
G1B 5 19.85 0.08271 0.4750 1.140 
LlBl 19.85 0. 2526 
Llli2 19.85 0.2530 
Selected 117 32 19.85 1.137 0.2528 
G2B3** 117 336 19.85 0.08283 0.4743 1.137 
G 2 B A * * ±0 002 19. 85 0.08283 0.4737 1.135 
G2B5** 19.85 0.08283 0.4735 1.135 
Selected 117 .34 19.85 1.135 
G3B3* 117 344 19.93 0.08291 0.4731 1.137 
G3B4* ±0 .015 19.9 3 0.08291 0.4729 1.137 
G3B5* 19.9 3 0.08291 0.4735 1.138 
Selected 117 .34 19.93 1.137 
G4B5*** 117 .325 19.80 0.08273 0.4713 1.128 
G4B6*** ±0 .011 19.80 0.08273 0.4724 1.131 
G4b7*** 19.80 0.08273 0.4686 1.122 
L2B1*** 19.80 0.2519 
L2B2*** 19.80 0.2497 
Selected 117 .33 19.80 1.127 0.2508 















4 0 . 4 4 
4 0 . 4 4 
4 0 . 4 4 
4 0 . 4 4 
4 0 . 4 4 
0.08281 0.2575 1.257 
0.08281 0.2569 1.255 
0.08281 0.2570 1.255 
0.5055 
0.5067 
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0.3636 0.4879 1.613 
0.3636 0.4884 1.614 
0.3636 0.4885 1.615 
2.296 
2.289 
























1 . 5 0 4 
1 . 5 0 1 
1 . 5 0 8 
1 .886 
1 . 8 9 5 
Selected 132.1 9 9 . 9 5 1 . 5 0 4 1 . 8 9 1 
G3C3 132.178 79.94 0.3636 
G3C4 ±0.01 79.94 0.3636 
G3C5 79.94 0.3636 
L3C1 79.94 
L3C2 79.94 
Selected 132.18 79.94 
G4C3 132.171 60.00 0.3634 
G4C4 ±0.013 60.00 0.3634 
G4C5 60.00 0.3634 
L4C1 60.00 
L4C2 60.00 
Selected 132.17 60.00 
G5C3 132.186 40.20 0.3639 
G5C4 ±0.010 40.20 0.3639 
G5C5 40.20 0.3639 
L5C1 40.20 
L5C2 40.20 
Selected 132.19 40.20 
G6C4 132.177 20.08 0.3636 
G6C5 ±0.013 20.08 0.3636 
G6C6 20.08 0.3636 
L6C1 20.08 
L6C2 20.08 





1 . 3 9 8 























Table 12 (Continued) 
Sample 
No. 




G1D5 1A7.101 20.12 1.148 6.420 1.126 
C1D6 ±0.011 20.12 1.148 6.415 1.125 
G1D7 20.12 1.148 6.429 1.127 
LlDl 20.12 0.5656 
L1D2 20.12 0.5585 
Selected 1A7.10 20.12 1.126 0.5620 
G2D3 1A7.097 40.20 1.147 3.425 1.200 
G2DA ±0.015 40.20 1.147 3.418 1.198 
G2D5 40.20 1.147 3.430 1.202 
L2D1 40.20 1.141 
L2D2 40.20 1.139 
Selected 147.10 40.20 1.200 1.140 
G3D3 1A7.092 59.90 1.147 2.445 1.277 
G3D4 ±0.006 59.90 1.147 2.451 1.280 
G3D5 59.90 1.147 2.436 1.272 
L3D1 59.90 1.683 
L3D2 59.90 1.686 
Selected 1A7.09 59.90 1.277 1.685 
GAD3 1A7.108 80.45 1.148 1.923 1.347 
GAD A ±0.003 80.45 1.148 1.923 1.347 
GAD 5 80.45 1.148 1.922 1. 347 
LADl 80.45 2.269 
LAD2 80.45 2.263 
Selected 1A7.11 80.45 1.347 2.266 
G5D3 1A7.097 99.98 1.147 1.654 1.441 
G5DA ±0.007 99.98 1.147 1.656 1.443 
G5D5 99.98 1.147 1.655 1.442 
L5D1 99.98 2.682 
G5D2 99.98 2.663 
Selected 147.10 99.98 1.442 2.673 
G6D3 147.095 120.06 1.147 1.454 1.522 
G6DA ±0.009 120.06 1.147 1.456 1.524 
G6D5 120.06 1.147 1.454 1.522 
L6D1 120.06 3.172 
L6D2 120.06 3.146 
Selected 147.10 120.06 1.523 3.159 
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T able 12. (Continued) 
Sample T,K P ,atm PQj,atin lOOyj 0 100x2 
No. mole % mole % 
G1E6 162.022 120.19 2.864 3.544 1.487 
G1E7 ±0.009 120.19 2.864 3.531 1.482 
G1E8 120.19 2.864 3.556 1.493 
LlEl 120.19 4.484 
L1E2 120.19 4.469 
Selected 162.02 120.19 1.487 4.477 
G2E3 162.019 100.12 2.863 4.023 1.407 
G2EA ±0.003 100.12 2.863 4.028 1.409 
G2E5 100.12 2.863 4.048 1.416 
L2E1 100.12 3.736 
L2E2 100.12 3.742 
Selected 162.02 100.12 1.410 3.739 
G3E7 162.030 80.59 2.865 4.794 1.349 
G3E8 ±0.012 80.59 2.865 4.808 1.352 
G3E9 80.59 2.865 4.813 1.354 
L3E1 80.59 3.020 
L3E2 80.59 3.020 
Selected 162.03 80.59 1.352 3.020 
G4E4 162.022 60.00 2.864 6.115 1.281 
G4E5 ±0.004 60.00 2.864 6.146 1.288 
G4E6 60.00 2.864 6.104 1.280 
LAEl 60.00 2.349 
L4E2 60.00 2.347 
Selected 162.02 60.00 1.283 2.348 
G5E4 162.022 40.03 2.864 8.600 1.202 
G5E5 ±0.005 40.03 2.864 8.587 1.200 
G5E6 40.03 2.864 8.625 1.206 
L5E1 40.03 1.500 
L5E2 40.03 1.502 
Selected 162.02 40.03 1.203 1.501 
G6E3 162.033 20.42 2.865 15.72 1.120 
G6E4 ±0.016 20.42 2.865 15.79 1.125 
G6E5 20.42 2.865 15.77 1.124 
L6E1 20.42 0.7058 
L6E2 20.42 0.7143 
Selected 162.03 20.42 1.123 0.7103 
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Table 12. (Concluded) 
Sample T,K P ,atm P , , atm lOOy^ 0 100x2 
No. \j *• raole % mole % 
G1F6 173.018 120.09 5.028 6.323 1.510 
G1F7 ±0.008 120.09 5.028 6.281 1.500 
G1F8 120.09 5.028 6.310 1.507 
LlFl 120.09 5.317 
L1F2 120.09 5.309 
Selected 173.02 120.09 1.506 5.313 
G2F3 173.023 100.18 5.030 7.233 1.441 
G2F4 ±0.001 100.18 5.030 7.240 1.442 
G2F5 100.18 5.030 7.204 1.435 
L2F1 100.18 4.665 
L2F2 100.18 4.676 
Selected 173.02 100.18 1.439 4.670 
G3F6 173.021 80.31 5.029 8.569 1.368 
G3F7 ±0.010 80.31 5.029 8.569 1.368 
G3F8 80.31 5.029 8.544 1.364 
L3F1 80.31 3.781 
L3F2 80. 31 3.793 
Selected 173.02 80.31 1.367 3.787 
G4F3 173.019 59.69 5.029 10.90 1.294 
G4F4 ±0.001 59.69 5.029 10.92 1.296 
GAP 5 59 .69 5.029 10.89 1.293 
LAFl 59.69 2.732 
L4F2 59.69 2.755 
Selected 173.02 59.69 1.294 2.743 
G5F3 173.019 40.23 5.029 15.12 1.210 
G5F4 ±0.006 40.23 5.029 15.13 1.210 
G5F5 40.23 5.029 15.14 1.211 
L5F2 40.23 1.847 
L5F3 40.23 1.839 
Selected 173.02 40.23 1.210 1.843 
'k -k -ii 
Flow rate was half the normal flow rate. 
Flow rate was tv;ice the normal tlox-: rate. 
Temperature was lox'/ered from 132.18 K 
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Table 13. Experimental Gas and Liquid Phase Equilibrium 
Compositions in the Helium-Chlorotrifluoromethane 
Sys tem. 
Sample T .K P ,atm P ,atm 




N o. mole % 
G1A3 145 .215 120.13 0.03245 0.03808 1.410 
G1A4 ±0 .017 120.13 0.03245 0.03750 1.388 
G1A5 120.13 0.03245 0.03738 1.384 
G1A6 120.13 0.03245 0.03795 1.405 
G1A7 120.13 0.03245 0.03833 1.419 
LlAl 120.13 1.134 
L1A2 120.13 1.128 
Selected 145 .22 120.13 1.401 1.131 
G2A3** 145 .206 120.13 0.03242 0.03701 1.371 
G2A4** ±0 .01 120.13 0.03242 0.03726 1.381 
G2A5** 120.13 0.03242 0.03737 1.385 
Selected 145 .21 120.13 1.379 
G3A3* 145 .227 120.13 0.03245 0.03750 1.387 
G3A4* ±0 .006 120.13 0.03249 0.03760 1.390 
G3A5* 120.13 0.03249 0.03821 1.413 
Selected 145 23 120.13 1.397 
GAA6 145 206 100.12 0.03242 0.04485 1.385 
G4A7 ±0 01 100.12 0.03242 0.04435 1.370 
G4A8 100.12 0.03242 0.04406 1.361 
L2A2 100.12 0.9446 
L2A3 100.12 0.9395 
Selected 145 21 100.12 1.372 0.9420 
G5A3 145 223 80.01 0.03248 0.05266 1.297 
G5A4 ±0. 003 80.01 0.03248 0.05387 1.302 
G5A5 80.01 0.03248 0.05237 1.290 
L3A1 80.01 0.7582 
L3A2 80.01 0.7569 
Selected 145 22 1.296 0.7576 




T,K P,atm P^^jatm lOOy^ lOOxg 





















































0.03246 0.09024 1.117 
0.03246 0.09080 1.124 
0.03246 0.09021 1.116 
0.3956 
0.3962 








2 0 . 1 5 
2 0 . 1 5 
2 0 . 1 5 
2 0 . 1 5 







1 . 0 7 9 
1 . 0 8 0 




>-'• 4f •f' G9A3'̂ '̂ ^ 
j ^ A J. 





































1 6 3 . 0 1 0 
± 0 . 0 1 2 
2 0 . 1 3 
2 0 . 1 3 
2 0 . 1 3 
2 0 . 1 3 












Selected 163.01 20.13 1.064 0.3058 
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Ta ble 13. (Continue d) 
Sample T,K P , atm Poi^atm lOOyi 0 lOOx^ 
No. mole % mole % 
G2B4 163.022 39.68 0.1575 0.4384 1.104 
G2B5 ±0.005 39.68 0.1575 0.4388 1.105 
G2B6 39.68 0.1575 0.4382 1.105 
L2B1 39.68 0.5934 
L2B2 39.68 0.5851 
Selected 163.02 39.68 1.104 0.5892 
G3B4 163.010 60.09 0.1574 0.2998 1.145 
G3B5 ±0.008 60.09 0.1574 0.2985 1.140 
G3B6 60.09 0.1574 0.2994 1.143 
L3B1 60.09 0.8959 
L3B2 60.09 0.8976 
Selected 163.01 60.09 1.142 0.8968 
G4B3 163.005 79.84 0.1573 0.2450 1.244 
G4B4 ±0.009 79.84 0.1573 0.2447 1.242 
G4B5 79.84 0.1573 0.2435 1.236 
L4B1 79.84 1.199 
L4B2 79.84 1.208 
Selected 163.01 79.84 1.240 1.204 
G5B4 163.013 100.05 0.1574 0.2040 1.297 
G5B5 ±0.010 100.05 0.1574 0.2022 1.285 
G5B6 100.05 0.1574 0.2026 1.288 
L5B1 100.05 1.447 
L5B2 100.05 1.451 
Selected 163.01 100.05 1.291 1.449 
GCB3 163.003 120.05 0.1573 1.734 1.323 
G6B4 ±0.008 120.05 0.1573 1.728 1.319 
G6B5 120.05 0.1573 1.737 1.326 
L6B1 120.05 1.736 
L6B2 120.05 1.755 
Selected 163.00 120.05 1.323 1.746 
G1C4 180.022 120.07 0.5102 0.5473 1.288 
G1C5 ±0.015 120.07 0.5102 0.5483 1.290 
G1C6 120.07 0.5102 0.5460 1.285 
Table 13. (Continued) 
175 
Sample 
11 O . 
T,K P , a t i n P ^ ^ j a t m lOOy^ 
m o l e % 
100x2 







2 . 5 6 2 
2 . 5 0 1 
2 . 5 3 0 



















1 . 2 5 7 
1 . 2 5 7 
1 . 2 5 0 
2 . 1 0 2 
2 . 1 1 1 
















































1 . 1 6 4 
1 . 1 6 5 
1 . 1 7 0 
1 .260 
1 . 2 6 5 
















1 . 3 8 8 
1 . 3 9 3 
1 . 3 8 5 
1 . 0 8 9 
1 . 0 9 3 
1 . 0 8 7 
0 . 8 6 3 1 
0 . 8 6 3 4 






1 8 0 . 0 1 9 
± 0 . 0 1 2 
2 0 . 2 4 
2 0 . 2 4 
2 0 . 2 4 
2 0 . 2 4 












Selected 180.02 20.24 1.033 0.4329 
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T able 13. (Continued) 
Sample T,K P , a tri ^oi '̂ "̂̂  lOOyj 100x2 
: 10. mole /' 0 mole % 
G1D3 196.009 20.18 1.249 6.590 1.065 
G1D4 ±0.014 20.18 1.249 6.549 1.058 
G1D5 20.18 1.249 6.588 1.064 
Lini 20.18 0.5874 
L1D2 20.18 0.5773 
Selected 196.01 20.18 1.062 0.5824 
('.21)4 196.002 39.93 1.248 3.506 1.122 
G2D5 ±0.013 39.93 1.248 3.482 1.114 
G2D6 39.93 1.248 3.491 1.117 
L2D1 39.93 1.152 
L2D2 39.93 1.160 
Selected 196.00 39.93 1.118 1.157 
G3DA 195.999 60.07 1.248 2.441 1.175 
G3D5 ±0.011 60.07 1.248 2.441 1.175 
G3D6 60.07 1.248 2.445 1.177 
Selected 196.00 60.07 1.176 
G4D4 196.006 79.83 1.248 1.901 1.216 
G4D5 ±0.007 79.83 1.248 1.892 1.210 
G4D6 79.83 1.248 1.911 1.222 
L4D1 79.83 2.280 
L4D2 79 . 83 2. 262 
L4D3 79.83 2.267 
Selected 196.01 79.83 1.216 2.270 
G5D4 196.000 100.32 1.248 1.514 1.217 
G5D5 ±0.012 100.32 1.248 1.511 1.215 
G5D6 100.32 1.248 1.532 1.231 
G5D7 100.32 1.248 1.514 1.217 
L5D1 100.32 2.659 
L5D2 100.32 2.657 
Selected 196.00 100.32 1.220 2.658 
G6D3 196.004 120.08 1.248 1.307 1.258 
G6D4 ±0.014 120.08 1.248 1.314 1.264 
G6D5 120.08 1.248 1.308 1.259 
L6D1 120.08 3.195 
L6D2 120.08 3.180 
Selected 196.00 120.08 1.260 3.187 




T,K P,atTn P ^ , a t m lOOyj 
m o l e % 
100X2 













2 . 5 2 6 2 . 5 9 4 1 . 2 3 7 
2 . 5 2 6 2 . 5 8 5 1 . 2 3 3 
2 . 5 2 6 2 . 5 7 2 1 . 2 2 7 
4 . 1 2 8 
4 . 0 9 7 


















2.526 3.113 1.233 
2.526 3.089 1.223 
2.526 3.096 1.226 
3.453 
3.433 








7 9 . 8 9 
7 9 . 8 9 
7 9 . 8 9 
7 9 . 8 9 
7 9 . 8 9 
2 . 5 2 6 
2 . 5 2 6 
2 . 5 2 6 
3 . 8 6 6 
3 . 8 4 7 
3 . 8 6 8 
1 . 2 2 3 
1 . 2 1 7 
1 . 2 2 3 
2 . 7 6 0 
2 . 7 4 0 













2 . 5 2 5 
2 . 5 2 5 
2 . 5 2 5 
5 . 0 5 4 
5 . 0 7 7 
5 . 0 4 9 
1 .204 
1 . 2 1 0 
1 . 2 0 3 
2 . 1 8 1 
2 . 1 8 4 








4 0 . 1 6 
4 0 . 1 6 
4 0 . 1 6 
4 0 . 1 6 
4 0 . 1 6 
2 . 5 2 6 
2 . 5 2 6 
2 . 5 2 6 
7 . 2 4 1 
7 . 2 8 5 
7 . 2 5 1 
1 . 1 5 1 
1 . 1 5 8 
1 . 1 5 3 
1 . 4 0 7 
1 .429 



























Table 13. (Continued) 
1 7 8 
S a m p l e 
N o . 
T , K P , a t i n P ^ j , a t m l O O y i 
m o l e % 
100X2 
1 /̂ e ^ 
L 6 E 1 
L 6 E 2 
2 0 . 3 2 
2 0 . 3 2 
0 . 6 7 5 9 
0 . 6 7 3 0 








2 0 . 1 7 
2 0 . 1 7 
2 0 . 1 7 
2 0 . 1 7 
2 0 . 1 7 
3 . 8 3 8 
3 . 8 3 8 
















2 2 1 . 2 7 8 
± 0 . 0 1 
4 0 . 1 8 
4 0 . 1 8 
4 0 . 1 8 
3 . 8 3 9 
3 . 8 3 9 
3 . 8 3 9 
1 1 . 3 1 
1 1 . 2 9 
1 1 . 2 8 
1 . 1 8 4 
1 . 1 8 2 
1 . 1 8 1 






6 0 . 0 1 
6 0 . 0 1 
6 0 . 0 1 
3 . 8 3 7 
3 . 8 3 7 
3 . 8 3 7 
7 . 5 1 0 
7 . 5 8 2 
7 . 5 9 0 
1 . 1 7 5 
1 . 1 8 5 
1 . 1 8 7 








8 0 . 0 2 
8 0 . 0 2 
8 0 . 0 2 
8 0 . 0 2 
8 0 . 0 2 
3 . 8 3 7 
3 . 8 3 7 
3 . 8 3 7 
5 . 7 4 3 
5 . 7 1 9 
5 . 7 0 5 
1 . 1 9 8 
1 . 1 9 3 
1 . 1 9 0 
3 . 1 3 9 
3 . 2 0 3 













3 . 8 3 8 
3 . 8 3 8 
3 . 8 3 8 
4 . 9 1 5 
4 . 9 0 2 
4 . 8 8 4 
1 . 2 8 1 
1 . 2 7 8 
1 . 2 7 3 
4 . 0 3 4 
4 . 0 3 6 











3 . 8 3 8 
3 . 8 3 8 
3 . 8 3 8 
3 . 8 3 8 
4 . 1 9 3 
4 . 1 6 9 
4 . 2 0 3 























































































5 . 5 2 3 
5 . 5 2 3 



















































1 6 . 6 0 
1 6 . 6 2 
1 6 . 5 8 
1 .207 
1 . 2 0 8 
1 . 2 0 5 
1 . 8 3 8 
1 . 8 6 1 
Selected 231.07 A0.16 1 .207 1.8A9 
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Table 13. (Concluded) 
Flow rate was half the normal flow rate. 
*5V 
Flow rate was twice the normal flow rate 
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APPENDIX G 
SMOOTHED EXPERIMENTAL AND THEORETICAL 
ENHANCEMENT FACTORS, AND SMOOTHED 
EXPERIMENTAL SOLUBILITY OF HELIUM 
The graphically smoothed experinental enhancement 
factors and liquid phase compositions of the heliur^-carhon 
tetrafluoride and helium-chlorotrifluoromethane systems in 
this work are presented in Table 14 and 15 together with the 
theoretically predicted enhancement factors. No other 
available experimental data have been found for these 
sys terns. 
Six models were used to predict the enhancement fac-
tors of the helium-carbon te traf luor ide system.. They vaere 
the Lennard-Jones (6-12) classical (LJCL), the Kihara core 
model (KIH), the Kihara core model with the K^g factor cal-
culated from the correlation of iliza and Duncan (KIHCK12), 
the Kihara core model with the experimentally determined K12 
factor (KI1IEK12) , the BUR equation with (BQ)I2 calculated 
using the linear average (BUR (LINEAR) ) , and tlic BUR equation 
using the Lorentz average for the calculation of (E)j2 (̂ '̂̂R 
(LOREKTZ)). For the prediction of the enhancement factors of 
the helium-chlorotrifluoromethane system, only the four 
models, LJCL, KIH, KIHCK12 and KIHEK12, were tested since the 
BWR constants for the chlorotrifluoromethane were not available 
182 
Table 14, Smoothed Experimental and Theoretical Enhancement 
Factors of Carbon Tetrafluoride in Helium, and the 
Smoothed Experimental Solubility of Helium in 









0 0 0 0 























1 . 1 0 3 
1 . 2 0 6 
1 . 3 1 1 
1 . 4 1 7 










































1 . 2 8 8 
1 .442 
1 .604 
1 . 7 7 5 
1 . 9 5 5 
1 . 0 8 5 
1 . 1 6 5 



























































































































































Table lA. (Concluded) 
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r 0 0 0 0 0 0 0 lOOx 


































































1 . 5 0 4 
1 . 5 9 5 
1 . 3 3 7 
1 .436 
1 . 5 3 1 
1 .626 






1 . 8 3 7 
2 . 7 9 3 
3 . 7 3 0 
4 . 6 3 9 




Table 15. Smoothed Experimental and Theoretical Enhancement 
Factors of Chlorotrifluoromethane in Helium, and 
























































































































































































20 1.100 1.095 1.127 1.101 1.109 0.6520 
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Table 15. (Cone luded) 
r 0 0 0 0 0 100X2 
atm exp LJCL KIH KIHCK12 KI1IEK12 
40 1.150 1.127 1.194 1.134 1.152 1.411 
60 1.185 1.152 1.260 1.163 1.192 2.117 
80 1.213 1.175 1.327 1.191 1.230 2.800 
100 1.237 1.194 1.394 1.218 1.269 3.462 
120 1.257 1.212 1.464 
221.27 K . 
1.244 1.307 4.088 
20 1.135 1.111 1.142 1.121 1.127 0.7310 
AO 1.173 1.146 1.217 1.163 1.179 1.571* 
60 1.204 1.171 1.285 1.195 1.221 2.403* 
80 1.229 1.191 1.353 1.224 1.262 3.229 
100 1.251 1.207 1.423 1.252 1.301 4.033 
120 1.272 1.221 1.494 
2 31.08 K . 
1.281 1.341 4.769 
40 1.203 1.169 1.242 1.194 1.208 1.852 
60 1.241 1.195 1.319 1.233 1.258 2.785* 
80 1.273 1.214 1.394 1.268 1.305 3.715 
100 1.302 1.230 1.470 1.301 1.349 4.628 




SELECTION OF PHYSICAL PROPERTY DATA FOR PURE COMPONENTS 
To predict the theoretical enhancement factors and 
extract the experimental values of B , Henry's law constant, 
and partial molar volume from phase equilibrium data, the 
following physical property data for pure components were 
needed. 
1. The Lennard-Jones (6-12) classical and the Kihara 
core model potential parameters for all components 
2. Second and third virial coefficient data for all 
components. 
3. Benedict-Webb-Rubin constants for all components. 
A. Vapor pressure as a function of temperature for 
the condensed component, 
5. Critical constants and saturated molar volume to 
calculate the compressibility of the saturated 
liquid and the molar volume of the compressed 
liquid for the condensed component. 
The physical property data used in this work were 
selected after comparing and analysing all available values 
in the literature. 
The experimental second and third virial coefficient 
data were collected and their agreement with the calculated 
187 
second and third virial coefficients using the available 
potential function parameters were tested. If the fit was 
poor, or there were no available parameters, a least squares 
computer program described in Appendix C in this work for 
90 
the Kihara parameters or written by Mullines for the 
Lennard-Jones parameters was used to extract new parameters 
from the experimental second virial coefficients. Unfortu-
nately experimental second and third virial coefficient data 
for condensible components which fully covers the temperature 
range of this work could not be found. VJhere there were no 
experimental second and third virial coefficient data avail-
able, the theoretically extrapolated values based on the 
potential function were used to predict the enhancement 
factors and to extract the interaction second virial coeffi-
cients and Henry's law constants. As for the third virial 
coefficient, a detailed discussion has been given in Chapter 
IV. In the c a l c u l a t i o n of C^^j using the method of Chueh 
1 8 and Prausnitz whose parameters are presented in Table 16, 
1 Q 
the limitation suggested by Chueh and Prausnitz that this 
method should not be used below T < 0.8 was strictly 
Rl 
followed by setting C equal to zero for T„ < 0.8 shown 
•̂  ' ' 1 1 1 ^ F1 
in Figures 3A, 36 and 38. All potential function parameters 
used to compute the second and third virial coefficients are 
presented in Table 17. 
The eight-parameter BWB equation of state originally 
developed for the light hydrocarbons was used in predicting 
188 
the enhancement factors for the helium-carbon tetrafluoride 
system. The helium parameters for the BWR equation of state 
46 
were taken from the thesis of Heck who obtained these para-
meters from private communications with R. N. Herring (1966). 
This set contained a temperature dependent value of Y. No 
information was available as to how these parameters were 
obtained, but the P-V-T data of helium down to 50 K could be 
calculated witVi those parameters within about one percent by 
Heck. Douslin, et al. extracted the BWR constants from 
their P-V-T data of carbon tetrafluoride in the temperature 
range of 0 to 350 **C and these were used in this work. No 
BWR parameters were available for chlorotrifluoromethane. 
The second and third virial coefficients of the BWR equation 
calculated using Equations (IV-82) and (IV-83), are presented 
in Figures 34 and 36. All BWR constants used in this work 
are given in Table 17. 
The best available experimental data of vapor pres-
sure and saturated molar volume for the condensed phases were 
selected from the literature and the equations representing 
these data as a function of temperature were used in this 
work. These data are discussed more fully later in this 
appendix. 
Critical constants of the condensed components are 
shown in Table 18. The experimental data for the molar 
volumes of the compressed liquid for the condensed components 
studied in this work could not be found in the literature 
189 
and so, a generalized correlation for the compressibilities 
of normal liquids presented in a recent paper by Chueh and 
21 
Prausnitz was used in this work to estimate the molar vo-
lumes of the compressed liquids as described in Chapter IV, 
This is one of the best available methods and holds for the 
interval 0.4 < T^ < 0.98. The compressibility factors of 
saturated liquid calculated using this method for the carbon 
tetrafluoride and chlorotrifluoromethane are presented in 
Table 17. 
Table 16. Input Parameters for the Calculation of Third 
Virial Coefficients Using the Method of Chueh 

























a This value was estimated by plotting the third virial 
coefficient data from the papers of Douslin, et al.^^ and 
Lange and Stein^^ on the reduced curve presented by Churh 
1 O 
and Prausni t z .-̂"̂  
b The value obtained using the same method as above except 
that the third virial coefficients data from the paper of 
Michels, et al.°' were used. 
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Table 17. Intermolecular Potential Parameters and 
Bl\̂R Parameters. 
Parameter He CF CCIF 
LJCL (6-12) 
e / k , K 
b , cc/gm mole 
KIHARA 
Po» ^ 










































a Molecular weight calculated by adding the atomic xv̂ eights 
of the constituents based on the 1961 Table of Interna-
tionalAtomicv; eights. 
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Table 17. (Continued) 
Number in parentheses indicates powers of 10. 
Value ofY is a function of temperature = 3.850179 
X 10-3 _ 2.332A14 x IQ-^T - 7.228731 xlO-^T^ + 6.765171 
X 10"^ °T 3 . 
Table 18. Compressibility Factors of Saturated Liquid 
Estimated Using the Generalized Correlation Given 







(atm) (cc/gm mole) 
T 
(K) 
3̂  xio*̂  
T 
(atm"^) 
Carbon Tetra- 227.53^-*-^^ 36.96^^^^ 140.65^^^^ 106.01 1.111 





Chlorotri- 302.00^^^ 38.19^^^ 180.81^^^ 145.21 1.137 








A good comparison of the experimental second and 
third virial coefficient data for helium with the theoreti-
cal second virial coefficients calculated using the KIH, 
LJCL, and BWR models and the theoretical third virial co-
efficients calculated using the LJCL model and the method of 
Chueh and Prausnitz is given recently by Garber.-*' These 
data are shov;n in Figures 33 and 3A. 
Figure 33 shows the experimental second virial coeffi-
cient data for helium with the theoretically calculated 
values. The LJCL parameters selected for helium are those 
determined by Ilullins who fitted the second virial coeffi-
1 O O 
cient data of White, et al. using a least square procedure 
Kihara core parameters used in this work were determined by 
Prausnitz and Myers and include the first two transla-
tional quantum corrections. It can be seen in the figure 
that the agreement of the calculated values with the experi-
mental second virial coefficient data of Keesom, White, 
•1 O O 1 5 C C 
et al., Canfield, et al, and Hoover, et al. are very 
L. f\ 
good except those predicted with the BVJR parameters. 
The experimental third virial coefficient data of 
helium of Keesom, White, et al., Canfield, et al., 
55 
and Hoover, et al. are shown in Figure 34 together with 
the values predicted using various theoretical models. 
Figure 34 also shows the selected curve for the experimen-
tal third virial coefficients of helium drawn smoothly 
193 
through the experimental data which fully cover the tempera-
ture range of this work. All potential function parameters 
for helium together with those of the BWR equation of state 
used in this work are presented in Table 18. 
Carbon Tetrafluoride 
30 79 
Douslin, et al., MacCormack and Schneider, Hamann, 
AA 75 59 
et al., Lange and Stein, and Kalfoglou and Miller have 
measured the second virial coefficients of carbon tetrafluo-
ride in the temperature range of 200 K to 630 K vjhich is 
above that of this work. No experimental second virial co-
efficient data were available in the literature in the tem-
perature range of 106 to 173 K, Two sets of LJCL and Kihara 
core parameters were available, one extracted by Douslin, 
et al. and the other by Sherwood and Prausnitz using the 
30 
P-V-T data of Douslin, et al. in the temperature range of 
0 to 350 °C. Because the parameters of Sherwood and Praus-
nitz gave better agreement with the experimental second 
virial coefficient data in the lower region of the tempera-
ture, the extrapolated values of the second virial coeffi-
cients computed using these potential parameters were used 
dov;n to 106 K to predict the theoretical enhancement factors. 
x\s shown in Figure 35 the three-parameter potential Kihara 
core model is better in predicting the second virial coeffi-
cients than the two-parameter potential Lennard-Jones (6-12) 
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BWR parameters for carbon tetrafluoride were determined by 
30 
Douslin, et al. from the same P-V-T data mentioned above 
and the BWR equation of state with these parameters tends to 
predict the second virial coefficients which are believed to 
be too low at the lower temperatures as shown in Figure 35. 
In Figure 36, the experimental third virial coeffi-
cient data of Douslin, et al., Lange and Stein, and 
79 MacCormack, et al, are compared with the theoretically 
predicted values for carbon tetrafluoride. The LJCL and 
BWR models all fail to predict the correct third virial 
1 8 
coefficients. However the method of Chueh and Prausnitz 
predicts quite satisfactory values for T^ >_ 0.8. No experi-
mental third virial coefficient data were available below 
200 K. 
Extensive measurements for the vapor pressure of 
carbon tetrafluoride below one atmosphere were made by Menzel 
and Mohry, Chari , Simon, et al., and Smith and Pace 
and above one atmosphere by Chari whose data appeared to be 
exclusive. Of these, the equation representing the experi-
119 mental data of Simon, et al. was chosen for use in the 
temperature range of this work since it not only fit the 
119 
experimental data of Simon, et al. below one atmosphere 
but also agrees with the data of Chari within 0.5 percent 
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Figure 36. Third Virial Coefficient of 
Carbon Tetrafluoride. 
199 
log P (torr) = 6.8368405 - 511.6947A/(T - 15.7744) (H-1) 
The temperature scale used in this equation by Simon, et al. 
119 
was not clear on vzliich scale it was based except that the 
platinum resistance thermometer used for the temperature 
measurements in his work V7as calibrated by the U.S. National 
Bureau of Standards, but the most likely temperature scale 
was probably the irTS-48. The author of the present work 
used this temperature scale in the above equation. The vapor 
pressures of carbon tetrafluoride used in this work were cal-
culated using Equation (H-1) and corrected to IPTS-68. They 
are presented in Table 19. 
•1 o -1 7 0 1 ̂  
Several investigators * * have measured the sa-
turated molar volumes of carbon tetrafluoride. Of these. 
the experimental measurements of Terry, et al. 131 v;ere most 
extensive and covered the entire temperature range of this 
131 
work. The equation given by Terry, et al. which repre-
sents their experimental data with average deviation of 0.017 
3 / , . 
cm /gm mole is: 
vCcmVgm m o l e ) = 4 6 . 9 1 6 6 + 1 . 2 6 5 7 9 x 10 -1 (H-2) 
- 3 X (T - 89.569) - 0.0400011 x 10 ' (T - 89.569) 
- 5 + 2.32262 X lO-^' (T - 89.569)' - 2.71815 x lO - 7 
- 9 x (T - 89.569)^ + 1.47465 x lO"^ (T - 89.569) 
200 
Table 19. Vapor Pressures of Carbon Tetrafluoride 
and Chlorotrifluoromethane. 





























Terry, et al."*--̂ ^ used the IPTS-48 in deriving Equation (H-2). 
Table 8 shows the saturated liquid molar volumes of carbon 
tetrafluoride used in this work and these were calculated 
using Equation (11-2). 
The critical constants of carbon tetrafluoride used are 
those determined by Chari and presented in Table 18 toge-
ther with the compressibility factors of liquid carbon tetra-
fluoride at saturation calculated using the generalized 
correlation for the compressibilities of normal liquids given 
21 
by Chueh and Prausnitz. 
Chlorotrifluoromethane 
'unz and Kapner,'^ Ha j jar and MacWood, '̂ "̂  and 
8 7 Hichels, et al. have determined the experimental second 
201 
virial coefficients of chlorotrifluoromethane, Their values 
are shown in Figure 37, together with those calculated using 
the Kihara core and Lennard-Jones (6--12) models. Two sets 
of the Lennard-Jones potential parameters for chlorotrifluo-
romethane were presented in the papers of Hajjar and Macwood 
42 12 
and Brandt who obtained his parameters in a communica-
2 
tion with Auer. The second virial coefficients calculated 
using these two sets of parameters do not agree satisfactorily 
with the available experimental data. ' ' * New Lennard-
Jones parameters were extracted in the present work from the 
experimental second virial coefficient data of Kunz and 
Kapner, and Michels, et al. using a least squares program 
90 139 written by Mullins. * These parameters are given in 
Table 18. No Kihara parameters were available in the litera-
74 
ture. From the data of Kunz and Kapner and llichels, et al. 
O "7 
the Kihara potential parameters were extracted using a 
least squares program made in this work (see Appendix C ) . 
These extracted parameters are presented in Table 18. 
The only available experimental third virial coeffi-
cient data for chlorotr if luoromethane v/erc those determined 
O "7 
by Hichels, et al. and are compared with the values pre-
dicted by the LJCL (6-12) model and the method of Chueh and 
1 8 
Prausnitz. 
The BVJR constants for halogen substituted hydro-
carbons were scarce and no BWR data were available for chlo-
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not tested for the helium-chlorotrifluoromethane system. 
The experimental vapor pressure data for chlorotri-
fluoromethane have been presented in several papers, and of 
these the data presented by Albright and Martin have been 
selected since they not only cover the entire temperature 
range of this work but also their agreement with other data 
is satisfactory. The equation given by Albright and Martin 
which represents these data within 0.08 percent from 144 K 
to 247 K and was used in this work is given as 
log P = 36.76130 - 2623.988/T - 11.80586 log T (H-3) 
+ 5.71495 X 10 - 3 
where P is psi and T is °R. It is not clear which tempera-
ture scale the investigator used. The IPTS-48 was used for 
Equation (H-3) in this work. The vapor pressures of chloro-
trifluoromethane used in this work were calculated using 
Equation (H~3) after correction to IPTS-68. They are pre-
sented in Table 19. 
The density data of saturated liquid chlorotrifluo-
romethane were obtained from the papers of Albright and 
1 3 5 32 
Martin, Fiske, and E. I. du Pont de Nemours & Co. These 
data agree closely with one another. The equation given by 
Albright and Martin which fits their experimental data with-
in 0.09 percent for the entire temperature range of this 
work was selected and is shown as follows: 
205 
d = 36.07 + 0.01566 (83.93 - t) + 1.110 
Ju X 
X (83.93 - t)^ + 6.665 (83.93 - t)^ + 3.245 
(H-A) 
,-5 X 10"^ (83.93 - t) 
In Equation (H-4), d indicates density in pounds per cubic 
foot and t temperature in "F. The saturated liquid densi-
ties of chlorotrifluoromethane used in this work were calcu-
lated from Equation (H-A) and are shown in Table 8. 
The critical constants of chlorotrifluoromethane used 
in this work also are those determined by Albright and Mar-
tin and are presented in Table 18 together with the compres-
sibility factors of saturated liquid chlorotrifluoromethane 
evaluated using the generalized correlation of Chueh and 
ID - . 2 1 Prausnitz. 
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APPENDIX I 
PURITY OF GASES USED 
The argon v/hich was used in the helium-propylene and 
helium-carbon tetrafluoride systems was the same that was 
37 
purchased by Garber from the Air Products Company and had 
a quoted purity of 99.99 percent. The purity of propylene 
used in this work was approximately verified to be 99.99 per' 
cent pure by Garber and the gas was obtained from Phillips 
Petroleum Company. Helium with a quoted purity of 99.997 
percent was obtained from the Air Reduction Company and used 
in this v7ork. The argon for the helium-chlorotrifluorome-
thane system was purchased from the American Cryogenics, Inc 
and its quoted purity x̂ âs 99.999 percent. 
Carbon tetrafluoride (Freon 14) and chlorotrifluoro-
methane (Freon 13) used in this work were supplied by E, I. 
du Pont de Nemours & Company, Inc. with a claimed purity of 
99.9 percent. Their purities were approximately checked by 
using two chromatographs, 15AB for carbon tetrafluoride and 
154D for chlorotrifluoromethane and the impurity was found 
to be mainly air. The peak area method was used to calcu-
late the approximate composition of the impurity. 
All gases were used without further purification. 
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